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Atmospheric effects on the hard component of cosmic radiation 
near sea level 


W. R. Frencou, Jr.* and R. L. Coasson 
University of Nebraska, Lincoln, Nebraska 


(Received 12 May 1958) 


Abstract—Atmospheric effects on the hard component of cosmic radiation were studied at Lincoln, 
Nebraska (51° N geomagnetic latitude; 350m altituds) with narrow- and wide-angle Geiger-counter 
telescopes (20 cm Pb absorber). Intensity measurements were made from | Sept. 1953 through 16 Feb. 
1956, and linear regression analyses were carried out for several possible combinations of atmospheric 
variables and the cosmic-ray intensity. A detailed comparison is made of the results obtained from 
triple-regression calculations based upon the 50 mb, 100 mb and 200 mb Duperier models and the Olbert 
model. It is found that the 50 mb Duperier model is superior to all others tested, but the extent to which 
the intensity can be corrected by statistical methods is limited at present by the accuracy of the radio- 
sonde data. Experimental results are in good general agreement with those of other investigators and 
agree well with the thecretical predictions of TREFALL with regard to the temperature effect. They are in 
poor agreement with the predictions of TREFALL on the barometric effect, however, and donot substantiate 
the theoretical conclusions of OLBERT. The smoothing of the intensity curves seems to be practically 
indifferent to the terms employed in the regression equation if it involves three or more atmospheric 
variables. : 


1. INTRODUCTION 

Ir is to be expected ideally that intensity changes of the primary cosmic rays are 
accompanied by synchronous changes of the secondary intensity observed at 
ground stations, where long-term monitor observations are possible. The ideal 
correspondence between primary and secondary fluctuations is considerably 
overshadowed, however, by large effects due to changing conditions of the 
atmosphere. Until a reliable system of intensity corrections related to the 
atmospheric effects is devised, therefore, one cannot hope to perform a precise 
extrapolation from observed secondary changes to the parent primary variations. 
This problem is not of major concern in the study of the low-energy nucleonic 
component, where decay effects do not enter, but it is a serious one in the study of 
the behaviour of the higher-energy fraction of the radiation, which includes the 
non-solar component. Its solution is of especial current importance with regard to 
the optimum quantitative utilization of the worldwide synoptic cosmic-ray 
monitor data that are being collected during the International Geophysical Year. 

Two main lines of endeavour have been pursued by various investigators 
toward the solution of this problem, with the ultimate objective being the 
provision of a reliable and reasonable facile correction system. One approach has 
been purely statistical, with the objective of finding a set of partial regression 
coefficients relating u-meson intensity changes to fluctuations of such atmospheric 
parameters as barometric pressure, height of various isobaric levels and tempera- 
tures of various strata (DUPERIER, 1949). The results have been, in turn, related 
with only partial success to known meson production, decay and absorption 
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phenomena (TREFALL, 1955a,b,c; 1957). The consistency of the results improved 
markedly as radiosonde data became available for higher regions of the 
atmosphere. 

The second approach was phenomenological, where continuous production and 
decay of mesons were taken into account along with the ionization loss by the 
particles traversing the atmosphere (OLBERT, 1953; DorMAN et al., 1953). The 
analytical work of OLBERT gave results in the form of a regression equation with 
theoretical partial regression coefficients for the atmospheric parameters, including 
a production-level coefficient. The work of DorMAN and his colleagues took into 
account the mass absorption and the air—mass distribution and thus eliminated 
the obviously idealized (but practically convenient) concept of a meson production 
“level” and simplified temperature effect. Application of the latter technique to 
correction procedures for observed intensity gave acceptable results (summarized 
in DorMAN and Ferypere, 1955). The applicability of a successful phenomeno- 
logical scheme such as this is reduced, however, when large quantities of data must 
be corrected on a routine basis; one is compelled to seek, therefore, a more facile 
scheme for routine analysis. It would seem that a consistent statistical system is 
operationally acceptable even though it may not be entirely satisfactory physically. 
Knowledge of the details of the behaviour of the atmospheric cascade is ultimately 
required, however, if small fluctuations such as a solar diurnal wave are to be 
analysed with high precision. 

It is the primary purpose of this work to use greatly improved statistics to 
compare various statistical atmospheric ‘models’? for cosmic-ray corrections. 
Second, it is intended to indicate the relationship of the accuracy of available 
radiosonde data to the ultimate accuracy of corrections obtained statistically. 
Third, a comparison will be made between simultaneous results for the radiation 
received by both wide- and narrow-angle counter telescopes. 


2. EXPERIMENTAL ARRANGEMENT 
The experiment consisted of two associated triple-coincidence Geiger-counter 
telescopes having narrow and wide opening angle, namely: 


telescope A 49° x 80° 


telescope B 135° x 80° 
The telescope axes were vertical, with the common opening angle in the 
geographical east-west direction. The first four counters per tray constituted 
telescope A. Pulses from the four counters were split and then mixed electronically 
with those from sixteen adjoining counters in the tray, making a total of twenty 
counters in each tray of telescope B. 

The Geiger-counter tubes used were of the external-cathode type filled with 
ethyl aleohol and argon. All counters were operated at the same voltage from a 
common regulated high voltage supply. A total thickness of 20 cm of lead absorber, 
distributed into two equal parts and placed between pairs of trays, served to define 


the lower momentum limit for the “-mesons accepted (approximately 370 MeV/c). 
Assuming a p-'® integral momentum spectrum, the average momentum of the 
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incident «-mesons able to traverse the telescope vertically was approximately 
460 MeV/c. 

This dual scheme provided a common environment for both telescopes and 
made more efficient use of Geiger tubes. The approximate mean triple-coincidence 
rates were: 


telescope A — 3000/hr (scaled by 4) 
telescope B — 35,000/hr (scaled by 16) 


with effective tray areas of 390 cm? and 1950 cm?, respectively. The total roof 
thickness over the apparatus was estimated to be about 20 g/em?. The laboratory 
temperature was maintained at 23° + 3°C. 

The cosmic-ray laboratory is at Lincoln, Nebraska, which is at 51° N 
geomagnetic latitude (after McNisH, 1936), and radiosonde data were taken from 
the WBAN 33 Omaha, Nebraska, reports supplied by the United States Weather 
Bureau. Omaha is approximately 80 km east of Lincoln. Barometric data were 
obtained from the Weather Bureau Station in Lincoln. The laboratory elevation 
is approximately 350 m. 

3. PRELIMINARY RESULTS 


The initial procedure in the calculation of results was to make a series of 
preliminary regression analyses using selected intensity data and various 
combinations of those atmospheric variables suspected of being intimately related 
to the yu-meson intensity (CHASsSON and FReENcH, 1955). The following variables 
were used initially: 

= narrow-angle intensity 

= wide-angle intensity 

= height of the 50 mb level 

= height of the 100 mb level 

= mean temperature between 100-200 mb levels (DUPERIER) 

= mean temperature between 50-200 mb levels (DUPERIER) 

= mean temperature of the troposphere (OLBERT) 
The Olbert temperature was computed by taking the arithmetic mean of the 
radiosonde temperatures over 50 mb intervals from the 950 mb to the 200 mb 
level; it was used only in computations involving the narrow-angle intensity data. 

Selected for this preliminary analysis were certain days from the 5 month 
period November 1953, through March 1954, which was at the minimum of the 
solar-activity cycle. Data for these days met the following criteria: 

(a) No geomagnetic or solar disturbances reported. 

(b) The 0300 UT radiosonde reached at least 50 mb. 

(c) Reliable intensity data were present for both narrow- and wide-angle 
telescopes. 

A total of seventy-nine datum periods were found to meet these requirements. 
Intensity data for the 3 hr period bracketing the time of the radiosonde 
flights were used. Although this limitation reduced the overall counting statistics, 
it did not seem reasonable to take intensity data for the whole or even half-day 
to use with upper altitude data covering only a brief portion of that time (CHaAsson, 
1954). The restriction to using only the 0300 UT radiosonde flight for this 


3 





W. R. Frencu, Jr. and R. L. CHasson 


calculation was arbitrary, but both radiosonde flights were used to make the final 


calculations presented in Section 4. 
In all of the calculations the following linear regression equation was used: 


(1) 


where 6/ is the departure of the cosmic-ray intensity from its mean value, /; 6, is 
the regression coefficient expressed as percentage change per unit departure of the 
particular atmospheric variable X; from its mean value. Table 1 presents a 


Table 1. Results of preliminary analyses, using seventy-nine datum periods selected from the period 
November 1953—March 1954. Regression coefficients are shown together with standard errors. Refer 
to text (Section 3) for definition of group and variable symbols. RF is the multiple regression coefficient. 





Duperier Olbert 


Partial Partial 


Prelim. Included 


anal. : 
; variables 


group 


barometric 
coefficient 


(%/em Hg) 


height 
coefficient 
(%/kkm) 


partial 
temperature 
coefficient 


(%/°C) 


partial 
temperature 
coefficient 
(%/°C) 


4-63 + = 
3°36 + 0-093 0-029 

0-53 4 + 0-0069 + 0-106) —0-156 + 0-186 
0-84 + -— ~0-168 0-050 
9-56 - 0-154 + 0-030 - 


1,B 

I,BH, 5s 

1,BH,T,. 1-46 + 0-08 2- -0-080 — 0-014 
1,BH,;T 5. + 0-127 + 0-017 





summary of the regression coefficients and multiple correlation coefficients for 
various combinations of included variables, starting with the simple barometric 
coefficient, which assumes all variations to be due to changes in station barometric 
pressure, and going to such complicated cases as 4A, in which the regression 
equation has four terms (a five-variate multiple-regression analysis). No detailed 
discussion of these results will be made here since the results of more extensive 
calculations will be found in Section 4, and a discussion of all results is presented 
in Section 5. 

The effects of “correcting” the intensity data according to the regression 
coefficients presented in Table 1 are shown in Figs. 1 and 2. It will be noted that 
the smoothing of the intensity curves is practically indifferent to the terms 
employed in the regression equation as long as it involves three or more atmospheric 
parameters. 

4. Frnau RESULTS 

Calculations were guided by the preliminary results reported above, and the 

work of DuPERIER (1949, 1951, 1956), OLBERT (1953), and TREFALL (1955a,b,c). 
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From the preliminary calculations it was clear that further five-variate analysis 
was not warranted because of its extreme additional complexity and doubtful 
practical value, in agreement with Wapa and Kuno (1956). 


Table 2. Computational subgroups and time periods associated 
with final calculations 





Equipment | | Time | Subgroup 
ak | Teles cope*| Laos | = 
perioc racket ft | symbol 


Calendar period included 


III-Al 
ITI-A2 
1 November 1955-16 February 1956 
IiI-Bl 
ITI-B2 


Total Total-Al 
Total—A2 


1 September 1953-16 February 1956 
Total-Bl 
Total—B2 





* Telescope A—narrow angle; telescope B—wide angle. 
t Time bracket 1—0300 UT radiosonde ascent; time bracket 2—1500 UT radiosonde ascent. 


Further refinement of the statistical results was desired in order that wide- 
and narrow-angle regression coefficients might be compared. Because of the general 
disagreement upon which atmospheric parameters should be used, it was decided 
to try four “‘models” involving the seven variables listed in Section 3 and to 
attempt to determine which model gave the most consistent results for six different 
data-analysis groups. These groups were determined by the radiosonde flight and 
periods of instrumental similarity. The models are as follows: 

Model Included variables 
50 mb DuPERIER (1951) E; Fy: 
100 mb DUPERIER (1949) I 4; Ip; 
200 mb DuPERIER (1956) Is. des Be Tie 
OLBERT (1953) Ei 1g: Bay 7 
Definitions of the variables are found in Section 3. 
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In order to investigate possible diurnal differences, the data were grouped by 
radiosonde flights and all calculations were carried out separately for the 0300 UT 
and 1500 UT flights. To use the data economically, no attempt was made to 
select for analysis only those days for which all necessary data were present for 
both flight periods. For the most part, however, such a grouping of data does 
represent a time separation of 12 hr, and any non-statistical differences in the 
results can be considered as possible diurnal effects. 

The data-selection criteria were altered slightly from those used in the 
preliminary calculations in order to take full advantage of the cosmic-ray intensity 
data. Many radiosonde flights per month reached 100 mb but a considerably 
smaller number reached 50 mb. The data groups were essentially parallel, but 
there were, e.g.. more 100 mb entries than there were for 50 mb. Likewise, the 
number of datum periods for the two daily radiosonde flights were only 
approximately equal for each data group. 

The various data subgroups and associated calendar periods are listed in 
Table 2. In the course of the experiment, some changes in equipment sensitivity 
were required, and the data were grouped into three calendar periods during each 
of which only relatively minor changes were made in the equipment. Division 
into data groups for which the equipment was essentially constant appeared to be 
an adequate choice for the study of “reproducibility” of regression coefficients. 
Sixteen computational subgroups were thus established, and a total of sixteen 
triple-regression calculations were completed for each of the four models. In each 
case the regression equation was of the form given in equation (1) and the results 
are tabulated for each model in Tables 3, 4, 5 and 6. 

Table 3. Final regression coefficients using 50 mb Duperier model (DUPERIER, 1951). Coefficients include 
standard deviations. See Table 2 for subgroup identification and refer to text (Section 4) for variables 
included in calculations. 





F Simple Partial Partial Partial 
No. of barometric barometric height temperature 
Subgroup datum by b, b, . 
periods (°% Jem Hg) (%/em Hg) (%/km) (9 /°C) 


Total-A 438 0-69 oe 0-96 — 0-17 3°: L 0-42 L.0-100 0-031 
Total-A ¢ 54: 0-85 “13 1-13 0-14 3°95 + 0:36 + 0-156 + 0-027 
I-A f 1-30 + 0-23 1-42 + 0-16 3:35 + 0-67 . ()-222 0-031 
I-A 2 oe 1-48 “ -48 + 0-15 —4-53 + 0-64 0-189 0-031 
I-A 27% -0-65 + 0-2 06 + 0:27  —3: +- 0-52 0-084 ~— 0-047 
IJ-A : ; 0-50 es -79 + 0-21 3°86 + 0:43 0-158 —- 0-039 
III-A 5 0-49 + 0: -48 + 0-30 2:60 + 2°25 - 0-104 — 0-056 
III-A £ j 1-50 + 0-25 -43 + 0-22 -]: L 1-96 0-129 0-044 


Total—B 0-85 + 0-16 16 + 0-12 3:56 -— 0°30 0-179 0-022 
Total—B : 0:96 + 0-12 “19 + 0-09 3°08 + 0-22 + O0-195 0-016 
I-B ; | 0-2 -1-58 + 0-05 2-53 + 0-21 0-203 0-009 
I-B : -1-44 + 0- -42 + 0-08 -3:03 + 0-34 +0-166 0-017 
0-19 ‘08 + 0:36 +0-138 + 0-023 

0-11 -1:67 + 0-23 +0-197 + 0-021 

0-16 -29 + 1:23 -0:155 — 0-031 

+ 0-10 05 + 0:90 +0-109 — 0-020 
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Table 4. Final regression coefficients using 100 mb model (DuPERTER, 1949) 





: Simple Partial Partial Partial 
‘ No. of | barometric barometric height temperature 
Subgroup datum b b b b 
: 0 1 2 3 
periods (oem Hg) | (%/em Hg) (%/km) (%/°C) 


Total-A 1 —()-¢ } 3-03 + 0-38 _()-076 0-022 
0-38 0-136 0-021 

- 0-63 0-092 0-025 
+ 0-56 | +0-129 + 0-023 
0-50 0-077 0-031 

- 0-49 L-Q-154 0-030 
1-9] 0-053 0-039 
1-60 -()-O084 0-032 


Total-A 


0:27 0-076 0-016 
0-29 0-091 — 0-017 
0°30 + 0-087 0-012 
0-31 +-O-109 0-013 
0-35 LQ-O75 0-022 
0-39 - 0-104 + 0-024 
1-01 0-067 0-021 
0-70 0-045 0-014 


Total—B 
Total-B : 
I-B 
I-B 


~ 


lo toe be tw 





Table 5. Final regression coefficients using 200 mb model (DupEertigER, 1956) 





és 3 Simple Partial Partial Partial 
Sul pri of barometric barometric height temperature 
Subgroup datum 
eroul sods by b; by bs 
periods (%/em Hg) (%/em Hg) (%/km) (%/°C) 


0-69 + ‘98 + 0-17 0-41 0-045 0-041 

0-85 + -12 + 0-14 0°35 - 0-013 0-034 

1:30 4 . _ 0-17 0-70 0-113 0-048 

-1-48 + 49 + 0-15 + 0-56 0-012 0-040 

0-65 4 ‘02 + 0-27 - 0-52 0-060 0-059 

0-50 + -0:89 + 0-20 - 0:30 +0-268 0-034 

0-49 4 0-49 -- 0-29 + 2-24 0-066 — 0-102 

0-22 ; 2-68 0-115 0-102 

Total—B ‘ “85 4 19 + 0-12 0-29 0-023 0-028 
Total—B : 0-08 - 0-20 0-071 0-020 
I-B 0-07 0-27  +0-135 + 0-019 
I-B 0-07 0-29 0-050 0-021 
II-B + 0-19 : + 0°36 0-020 — 0-042 
II-B L 0-09 -2-34 +014 +0-246 + 0-016 
III-B 0-17 y +1:28 +0-038 — 0-059 
III-B 0-07 8-85 -- 0-84 0-226 —- 0-032 


me bo 


m— bo m= bo 
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Table 6. Final regression coefficients using arithmetic mean temperature 
of troposphere (OLBERT, 1953) 





i ; Simple Partial Partial | Partial 
No. of barometric barometric height temperature 
Subgroup datum b b b 
0 


| as 1 2 
| periods | (0/ jem Hg) (%/em Hg) (%/km) 


Total-A 58: —0-74 + 0-15 | —1-24 +019 | —0-42 + 
Total-A : 518 —1-43 + 0-19 ‘90 + 0:18 | +2-83 + 
+ 0-19 | —1-86 + 0-20 | +2-51 4 

L 0-19 2-32 +020  +4-07 + 

+ 0-23 | —1- + 0:27 —1-95 + 1: 

_ 0-23 | —1-65 + 0-27 | +3-13 + 1-68 | 265 + 0-059 | 

- 0-29 | —1-63 + 0:57 | +8-36 + 6-80 | —0-295 + 0-159 | 

0-26 +0-44 + 2-40 | —0-117 + 0-059 | 








Total-B 58: ~0-88 “lt 63 + 0-37 | —0-48 + 2-52 | —0-135 + 0-086 | 
Total-B : 518 —1-57 + 0-16 84 + 0-13 | +1-20 + 0-98 | —0-203 + 0-033 | 
I-B 5 ~1-52 + 0-16 2-07 + 0-22 | +3-26 + 1-90 | —0-228 + 0-058 | 
tee i 46 + 0-13 2-31 + 0:10 | +5-98 + 0-97 | —0-334 + 0-030 | 
II-B 368 —0-99 + 0-17 59 + 0-19 | —0-59 + 1:13 | —0-087 + 0-039 | 
ree oe 385 10 + 0-18 2-07 + 0-22 | +3-32 + 1:33 | —0-224 + 0-046 | 
[II-B 35 -1:16 + 0-18 88 + 0-31 | +5:16 + 3-70 | —0-241 + 0-087 | 
III-B 2 83 + 0-12 48 + 0-11 —3-33 + 1-06 | —0-068 + 0-026 | 





In Tables 7 and 8 are presented the standard deviations of the atmospheric 
parameters appropriate to the various calculations. The regression coefficients 
listed in Table 9 are the weighted means of the subgroup coefficients (‘Tables 3-6) 
and are separated only with regard to counter-telescope geometry. It is important 
to note that the standard deviations quoted in Table 9 are the standard deviations 
of the aggregate of the six subgroup regression coefficients found for each term 
of the regression equation. The latter were used as final criteria of experimental 
reproducibility of the subgroup coefficients, since if the regression coefficients 


Table 7. Standard deviations of variables for 50 mb and 200 mb Duperier analyses 





. eg Datum lat “2 | B 
an¢ A | B| | (em Hg) 


yeriods 
flight ! 


0-531 25 0-306 
0-565 25 0-299 
0-636 0: 0-235 
0-677 ; | 0-243 
0-449 2 0-307 
0-463 2 | 0-301 
0-584 | 0: 0-142 
0-683 ( | 0-133 


Tota 
Tota 


— fo 


543 
115 
135 
273 
344 

50 

64 


bo +1 G bo bo 


J 
I] 
[] 
IT I- 
III‘ 


“~ 


— bdo = bo — bo = 
bb wwe 

eS : 

noe 


~ 
bo 
or 
—_ 








* Register counts/hr. Multiply by 4 to get total. 
+ Register counts/hr. Multiply by 16 to get total. 
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Table 8. Standard deviations of variables for 100 mb Duperier and Olbert analyses 





| 


Group | Datum 


periods | I4* (km) 


and | 
flight | 


Total-l | 583 15-2 | 0-239 
a 0-237 

150 | 121 . 0-169 

157 13-8 | 0-177 

368 15-3 0-247 

389 16-0 ae 0-241 

es | se 24-2 0-089 

72 11-8 25-9 0-086 





* Register counts/hr. Multiply by 4 to get total. 
+ Register counts/hr. Multiply by 16 to get total. 


have definite physical meaning, one would expect that they could be calculated 
for a particular experimental apparatus (perhaps eventually predicted from the 
theory), making it unnecessary to recompute them from time to time. In other 
words, one hopes that they would be constants of the apparatus, and the atmo- 
spheric models were tested in this regard (see Section 5 below) by making 
comparisons of the standard deviations of the subgroup regression coefficients. 


Table 9. Weighted means of the partial regression coefficients. The standard deviation of the 
aggregate of the component six subgroup coefficients is given for each weighted mean coefficient. 
See Tables 3—6 for component values. 





Partial Partial Partial 
Tele- barometric height temperature 
Model 
b bs b 


scope 3 


(%/em Hg) (%/km) (%/°C) 


50 mb Duperier* - + 0:30 : L 0-66 +0-131 + 0-047 
100 mb Duperier* - + 0:24 + 0-70 +0-107 + 0-036 
200 mb Duperier* - + 0:38 -3-54 + 2-88 —0-013 + 0-140 
Olbert t - + 0°39 -25 + 2-84 —0-190 + 0-104 
50 mb Duperier* -1-:18 + 0-13 + 0-75 +0-188 + 0-030 
100 mb Duperiert -1-24 + 0-07 L 0-79 0-083 + 0-018 
200 mb Duperier* . + 0-15 27 + 1-61 -0-:029 + 0-130 
Olbert t —1-73 + 0-27 L 2-67 —0-169 + 0-087 





Total datum periods 981. 
Total datum periods 1201. 


5. ACCURACY OF THE ATMOSPHERIC PARAMETERS 


Microbarograph data were supplied by the United States Weather Bureau, 
Lincoln. Nebraska. The standard error of measurement of the barometric 


1] 





W. R. Frencu, Jr. and R. L. CHAsSSON 


pressure was approximately 0-0127 em Hg. A typical standard deviation of the 
barometric pressure is about 0-50 em Hg, and the ratio of the standard error of 
measurement to the standard deviation is approximately 0-025. 

The quality of the radiosonde data is more difficult to analyse. The altitude 
intervals used in this investigation range from near sea level to the height of the 
50 mb level, and no general statement is possible which will apply to all levels. Not 
a great deal has been published concerning this, but a report of a series of paired 
radiosonde flight compatibility tests was made by the United States Weather 

Sureau in 1951 (United States Department of Commerce, 1951). A summary of 

subsequent work was obtained from THickstun (1956), who also discussed 
radiosonde similitude tests made at the factory, where the instruments were 
placed in a chamber in which the pressure and temperature were varied at a rate 
closely following that experienced in actual flight. The conclusions, based on 
both of these tests, are as follows: 

(1) The tests showed a marked failure of all types of radiosondes to repeat 
their own recordings. 

(2) There is a wide scatter of differences between radiosonde pairs soon after 
leaving the ground (ascribed to the inconsistency noted above). 

(3) The differences are so large as to mask other comparisons, e.g. external 
effects, such as those due to solar radiation. 

THICKSTUN estimated quantitatively on the basis of a study on progress at 
the time (1956) and the 1951 report that, for the most part, errors in the height of 
the 100 mb level are not associated with the individual instruments but with 
certain operating difficulties at the various stations. Maximum uncertainties in 
the height of the 100 mb level are about +20 m. The standard error of measure- 
ment of the 100 mb level would be approximately 10 m, and in the present 
computational work isobaric heights were rounded to the nearest 10 m (within 

5 m of the reported value). The ratio of the standard error of measurement to 
a typical standard deviation (Table 9) would be about 0-05 for the 100 mb level, 
but it goes as high as approximately 0-12 for Group III-2. 

Comparable data on the 50 mb heights are not available, but somewhat higher 
uncertainties are to be expected. According to THIcKSTUN, it will be a rare case 
when the height of the 50 mb surface will be in error by more than 60 m. A typical 
value of the ratio of the standard error of measurement of height of the 50 mb level 
to the standard deviation is estimated to be 0-15, but it approaches 0-40 for Group 
[TI-1. 

The temperature measurements are considerably less reliable. The maximum 
differences between any pair of radiosondes from twenty experimental soundings 
was 1-5°C, starting from zero at the surface and increasing to the maximum value 
at the end of the flight. The absolute value of the temperature may be incorrect 
by as much as 2°C and occasionally more. The standard error for all twenty 
soundings in the above test was 0-55°C. It is probable that more than average 
care was taken in these Weather Bureau experiments, and hence one might expect 
larger standard errors from routine station soundings. On this basis, the ratio of 
the standard error of measurement to the standard deviation of the mean 
temperature between the 100 and 200 mb levels is estimated to be about 0-20 and 
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that for the mean temperature between the 50 and 200 mb levels to be approxi- 
mately 0-33. The corresponding ratio for the arithmetic mean temperature of the 
troposphere would be considerably lower, and it is approximately 0-10 or even less. 


6. COMPARISON AMONGST MopgEts USEpb 


Examination of the standard deviations of the partial barometric coefficients 
b, in Table 9 indicates that for telescope A there is little difference amongst models. 
For telescope B a similar comparison shows the 100 mb Duperier model to be 
slightly more reliable than the 50 mb Duperier; the standard deviation (as well 
as the regression coefficient) is somewhat larger for the wide-angle Olbert 
calculation. 

A similar comparison of the standard deviations of the partial height coeffi- 
cients b, for telescope A reveals that those for the 50 mb and 100 mb Duperier 
models are nearly equal and also that they are approximately one-fourth the size 
of the standard deviations found for the 200 mb Duperier and Olbert models. For 
telescope B the 50 mb and 100 mb Duperier models give coefficients which are 
considerably more reproducible than those of the 200 mb Duperier and Olbert 
models. 

The standard deviations of the temperature coefficient b, for telescope A are 
also smaller for the 50 mb and 100 mb analyses than those for the 200 mb Duperier 
and Olbert cases. A similar comparison holds for telescope B. Thus we see that 
the temperature coefficients b, are also experimentally more reproducible for the 
50 mb and 100 mb Duperier models than for the 200 mb Duperier and Olbert 
models. 

The foregoing leads one to conclude that the 50 mb and 100 mb Duperier models 
give more reproducible results, and hence, by our criteria, are superior to the 200 
mb Duperier and Olbert analyses. We now wish to compare the 50 mb and 100 
mb models to see whether or not a distinct choice can be made between them. From 
examination of Table 9 and the arguments given above, it is seen that, in terms of 
the partial barometric coefficients b,, the 100 mb Duperier model is a slight 
favourite, but both the 50 mb and the 100 mb models are nearly equally 
reproducible in terms of the height coefficients 6, and the temperature coeffi- 
cients b,. The 50 mb Duperier model is somewhat superior when the standard 
deviations of the temperature coefficients are taken relative to the coefficients 
themselves. Thus, if these were the only considerations, one could not decide 
between the 50 mb and the 100 mb Duperier models. On the basis of the discussion 
in Section 5 of the accuracy of the atmospheric parameters, however, one would 
expect that if the two models were equally good physically, then the standard 
deviation for the 50 mb Duperier height coefficients would be nearly three times 
those for the 100 mb cases, and the 50 mb temperature coefficients would have 
nearly twice the standard deviation of the 100 mb values, taking the same number 
of datum periods for each. Since the actual standard deviations are nearly the 
same, and a smaller number of datum periods were involved in the 50 mb Duperier 
analyses, we must conclude that the 50 mb Duperier model is the best choice of 
the four statistical models for making atmospheric corrections to both narrow- 
and wide-angle cosmic ray intensity data. 
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7. COMPARISON AMONGST DIFFERENT FLIGHTS AND 
BETWEEN COUNTER TELESCOPES 

We now wish to compare the separate results for the two radiosonde flights to 
see if any diurnal differences exist between results of the same calculational group. 
These data were generally separated in time by 12 hr. Only the results of the 50 
mb and 100 mb Duperier analyses will be discussed in any detail, although similar 
results were obtained for the other analyses also. These results are conveniently 
grouped for comparison purposes in Tables 3 and 4. A comparison of the partial 
temperature coefficients 6, for flights 1 and 2 indicate that in nearly every case the 
results are statistically different or barely overlap in the extreme limits of their 
standard deviations. A similar situation exists for the partial height coefficients 
b, and the partial barometric coefficients b,, which are in some cases radically 
different between the two flight periods. From these semiquantitative arguments 
the results for the two radiosonde flights appear to be different. 

In addition to this semiquantitative indication of diurnal differences, an F-test 
(Rao, 1952) was used to test the hypothesis that there was equality between 
corresponding regression coefficients obtained from the analysis of each of the 
radiosonde flights. It was possible in every one of the groups tested to reject the 
hypothesis that they were equal at the 1 per cent level of significance. This result 
must be interpreted with caution, however, since a similar result could occur if 
the coefficients were apparently equal but the data had come from statistically 
different populations. Such a situation can exist in an investigation of this sort, 
but the F-test results provide further evidence that the results are statistically 
different for the two radiosonde flights. Thus we conclude that there is little 
question as to the statistical reality of the difference, but the crucial question 
remains as to why such a difference exists. 

A first possibility is that the radiosonde errors vary in some diurnal way. 
Incomplete radiation correction of the upper-altitude temperature measurements 
would be a possible explanation. Second, it is possible that the linear regression 
equation (1) used is not correct. Higher order terms may actually be required to 
account fully for the atmospheric effects. Third, it may arise from a diurnal 
variation in the cosmic ray primary spectrum, but the evidence is far from con- 
clusive. Further study of this apparent diurnal variation will be undertaken. 

A comparison similar to that above can be applied to the simultaneous results 
for the narrow- and wide-angle telescopes, as presented in Table 9. It is noted that 
a difference does exist between the results as a whole for the narrow-angle telescope 
and the wide-angle telescope. Application of the above F-test showed them to be 
statistically different by that criterion as well. 


8. GENERAL COMPARISON WITH RESULTS OF 
OTHER INVESTIGATORS 
Not many workers have used a reference level of 50 mb. DoLBEAR and ELLIoT 
(1951) used this level in calculations with intensity data from a pair of inclined 
counter telescopes, which makes comparison with the present work difficult. 
The general agreement with other workers (summary in BACHELET and CoNFORTO, 
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1956) is excellent for the temperature coefficients and good for the barometric 
coefficients. The average Duperier height coefficient is somewhat larger than 
those found in the present work, but the standard deviations are so large as to make 
the results reasonably compatible. 

A considerably larger number of investigators have used the 100 mb Duperier 
analysis. In addition to the work of authors previously mentioned, the results of 
Corton and Curtis (1951), Dawron and Exxiot (1953), TRuMPy and TREFALL 
(1953) and Trumpy (1954), may be compared. There is no clear agreement as to 
the temperature coefficients, but the general agreement of the present work with 
the results of DUPERIER is excellent. 

Not many results are available for the 200 mb Duperier analysis, but, again, 
the present work is seen to agree with that of DUPERIER. 

A somewhat similar situation exists for the Olbert analysis. The work of Wapa 
and Kupo (1954) is in good agreement with the present results except for the 
temperature coefficient. 

In all of the work cited it is relevant to note the approximate ratio of the 
standard error (or, in the present work, the standard deviation) to the magnitude 
of the corresponding regression coefficient. These ratios vary from about 0-13 to 
more than 1-00 for the temperature coefficient, with about 0-35 being a typical 
value. The ratios for the height coefficient vary from 0-12 to more than 1-00, with 
about 0-15 being typical. Such fluctuations would be expected in view of the 
uncertainties of measurement of atmospheric parameters. 


9. COMPARISON WITH THEORY 


When the 50 mb Duperier results in Table 9 are compared with the predictions 
of TREFALL (1955b), there is apparent disagreement. For the absorber used in the 
present work, TREFALL’s predicted value of the 50 mb temperature coefficient 
(0-215%/°C) is somewhat higher than the experimental values. TREFALL showed, 
however, that the temperature coefficient for mesons arriving from a zenith 
direction 4 is given by the approximate formula 


b,(0) = 6,(O) + k(In cos 6) (2) 


where k is a slowly-varying function of the cut-off momentum of the recorder and 
has a value of approximately 0-12°%/°C for the results to be considered here. The 
term b,(Q) is the coefficient for vertically incident particles. The theoretical curve 
shown by TREFALL is for vertically-incident particles, and equation (2) gives the 
converted value for the wide-angle telescope of approximately 0-22°%/°C, in good 
agreement with the Trefall theory. The present narrow-angle result seems low, 
but the standard error is such that it is not inconsistent with the theory. 

One notes good agreement upon comparing the results in Table 9 with similar 
theoretical predictions for the temperature coefficient in the case where the 100 mb 
reference level is taken. The result for the wide-angle telescope is about 0-024%/°C 
lower than that for the narrow-angle telescope, in excellent agreement with 
equation (2). 

Further, it is interesting to compare the ratio of the 50 mb temperature 
coefficient with the 100 mb temperature coefficient according to the TREFALL 
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theory and the experimental work of DuPERIER. TREFALL predicts a ratio of 
2-5, while DUPERIER (1951) obtained 1-84 for a narrow-angle telescope and 1-91 
for one with a wider aperture. The present work gives 1-23 for the narrow-angle 
results and 2-26 for the wide-angle results. Considering the standard errors 
involved this is not incompatible with the theory, and it is in excellent agreement 
with the experimental work of Duperier. 

No theoretical work is available which makes possible a similar comparison of 
200 mb experimental results. As noted earlier, the 200 mb scheme is definitely 
inferior to the 50 mb and 100 mb Duperier models, and it will not be discussed 
further here. 

The results in Table 9 do not agree with all of those predicted by OLBERT (1953), 
who calculated the atmospheric effects on the basis of vertically-incident mesons. 
While comparison is not quite feasible for the wide-angle telescope, the results for 
the narrow-angle telescope should afford a test of the vertical case analysed by 
OLBERT. The results in Table 9 show that although the barometric coefficients 
agree well, both of the temperature coefficients found on the present work are 
about three times too large, and the height coefficients are of the wrong sign when 
compared with OLBERT’s predictions. This must be interpreted cautiously, 
however, since the standard deviations are very large relative to the magnitude of 
the regression coefficients. The experimental results of Wapa and Kwupo (1954) 
are similar to these. Thus it is seen that the Olbert theory does not predict the 
measured values for the height and temperature cofficients. In addition the 
calculation based on the Olbert model does not give the experimental reproduci- 
bility of the 50 mb and 100 mb Duperier models, leading one to reject it on those 
experimental criteria as well. It is possible that use of a weighted mean tropospheric 
temperature would yield results in better agreement with OLBERT. 

It is noted from Table 9 that the height coefficients do not seem to depend 
upon the aperture of the recorder. From consideration of the three Duperier-type 
analyses, it appears that the height coefficients b, are not statistically different. 
As Wapa and Kupo (1954) point out, there are two competing processes affecting 
the intensity of obliquely incident particles; i.e. the decay effect increases because 
of increasing path length to the recorder, but the effective mean momentum of the 
u-mesons traversing obliquely through the atmosphere is higher, and is inversely 
proportional to the decay probability. Since the magnitudes of the height 
coefficients b, remain essentially constant, the gain effect due to increased 
momentum seems to cancel the loss due to the increased decay effect resulting from 
longer average paths. No theoretical work is available for a quantitative estimate 
of the individual effects. Wapa and Kuno have clearly indicated the extreme 
complexity of the omnidirectional problem and the ultimate necessity of its 
analysis in terms of the complicated meson-production spectrum together with 
its altitude dependence. 

Further reference to Table 9 reveals that the partial barometric coefficients 
}, have an apparent zenith-angle dependence. It is interesting to note that the 
barometric coefficients do not depend upon the reference level for the three 
Duperier-type analyses but do depend upon the aperture of the recorder. The 
difference between narrow- and wide-angle telescopes is in each case greater than 
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one would expect from increased path length alone, possibly indicating that the 
magnitude of the u-e decay effect increases with zenith angle also. No quantitative 
theoretical work has been done on the zenith-angle dependence of the barometric 
effect. The work of TREFALL (1955c) considers only vertically-travelling 
mesons, and hence can only approximately predict the observed experimental 
values. His predicted value of the partial barometric coefficient for the cut-off 
momentum of the equipment used in the present work is approximately 
—1-60°%/em Hg. This is considerably larger than the results of the narrow-angle 
barometric coefficients in Table 9, which are about —1-03°%/em Hg for all three 
narrow-angle Duperier analyses. The wide-angle results are low also, being 
approximately —1-24%/cem Hg. 

The contribution of the absorption effect to the partial barometric coefficient 
as derived by TREFALL, is not directly a function of station elevation, but depends 
upon the change in station barometric pressure, the cut-off momentum of the 
recorder and the differential and integral momentum spectra. The latter do 
depend upon station elevation, but the ratio of the two appears in TREFALL’s 
absorption expression, and the net change with the station elevation would be slight 
between sea level and 350 m altitude. 

The contribution due to the decay of u-mesons is more complicated, but to a 
first approximation, it would decrease with the increasing elevation since the mean 
momentum of the u-mesons is a strong factor in the denominator of TREFALL’s 
expression. This contribution, however, is not sufficient for the Lincoln, Nebraska, 
elevation of 350 m to explain the 50 per cent increase required to bring the results 


of the present work into agreement with the value predicted by TREFALL. The 
standard deviations are such that the above results are not incompatible with 
the theory, but the agreement cannot be considered good. Again it is interesting 
to note the agreement with the present work and that of DurErtER both for zenith- 
angle dependence and magnitude of the partial barometric coefficient 5,. 


10. GENERAL CONCLUSIONS 


First, the extent to which the cosmic ray meteorological effects can be eliminated 
at the present time is limited by the accuracy of the radiosonde data available. 
GLOKOVA (1954) has reported similarly. 

Second, the 50 mb Duperier-type analysis yields results which are, in principle, 
more reproducible than those of the 100 mb analysis, and the former are equally 
reproducible in practice despite increasing radiosonde errors at the higher levels. 
Both analyses are superior to the 200 mb Duperier and Olbert type analyses. 

Third, separate analysis of the data for the 0300 UT and the 1500 UT radiosonde 
flights gave statistically different results indicating a possible diurnal variation of 
the atmospheric coefficients. 

Fourth, the results for each type of analysis are in general agreement with the 
experimental work of other investigators. Agreement with the work of Duperier 
is especially good. 

Fifth, the present results are in good agreement with the theoretical partial 
temperature-effect predictions of TREFALL and are in poor agreement with his 
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predicted partial barometric effects; they generally disagree with the work of 
OLBERT when a simple arithmetic-mean temperature of the troposphere is used. 
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Abstract—At the echo rates practicable for a routine survey of meteor activity using a narrow-beam 
radio equipment, it is shown that the chief limitation to the recognition of weak shower activity is the 
fluctuations in the rate of detection of background (sporadic) meteors. Examination of echo rates 
obtained with the Adelaide 67 Mc/s equipment for December 1956 and January 1957 confirms that over 
short intervals of time the background fluctuations are random. A significance test, intended for use as a 
search method for weak shower activity and non-random fluctuations in the background activity, is then 
developed. This test, based on echo rates, is applied to the data for December 1956 and January 1957. 


1. INTRODUCTION 


THE two principal requirements of a radio equipment specifically intended for 
routine surveys of meteor shower activity are an adequate echo rate and good 
resolution as between showers active simultaneously. These objectives are met 
by the use of high-gain narrow-beam aerial systems (ASPINALL et al., 1951). 

Two approaches have been made to the problem of the measurement of shower 
radiant co-ordinates with this type of equipment. The first, due to CLEGG (1948) 
and to ASPINALL et al. (1951), is suitable for low echo rates and requires the plotting 
of the slant range and time of occurrence of individual echoes, followed by location 
of groupings of echoes characteristic of showers (see Fig. 1). At high echo rates 
the time consumed in such individual echo plots may become prohibitive, and 
Keay (1957) has shown how accurate radiant co-ordinates may be derived from 
partial rate plots, i.e. from the rate of echoes received from within narrow limits 
of slant range. 

None of these authors has considered in any detail the problem of recognition, 
as opposed to measurement of radiant co-ordinates, of weak showers in the presence 
of the background (sporadic) meteor activity. Most shower radiants lie close to 
the ecliptic and at elongations of less than 120° from the apex of the earth’s. way. 
As the great majority of sporadic meteor radiants are also located in this region 
the detection of a meteor shower at a time of low background activity is uncommon. 
In searching for weak showers it must always be borne in mind that the majority 
of the echoes are from the background; the groupings characteristic of showers do 
not stand out clearly, and the subjective element is large. 

It is at once apparent that the discrimination, for showers as against sporadic 
meteors, of the type of radio equipment under discussion is inferior to visual and 
photographic techniques. The latter has a radio counterpart in the multi-station 
equipment of Giiu and Davies (1956), which measures orbits of individual meteors. 
However, the simpler radio equipment is more useful for routine surveys. It is 
therefore important to establish the limits of the discrimination of these equip- 
ments for meteor showers, and to devise tests for shower activity from which the 
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subjective element has been eliminated, as far as this is possible. These are the 
objects of the present paper. As a corollary, proposals for handling data collected 
in a survey of meteor activity at Adelaide during 1957, with an echo rate of from 
500 to 1000 per day, are outlined. 

It will be shown that fundamental limitations to the recognition of weak 
shower activity in records obtained with narrow-beam radio equipments are 
imposed by random fluctuations in the background activity and by the looseness 
of some of the weaker streams. The requirement of objectivity can be met, in some 
degree, by a statistical search method based on total rates; but a constant thres- 
hold shower rate, below which recognition is uncertain, cannot then be maintained 
in the presence of the strong diurnal variation in the background activity (ratio 
exceeding 20: 1 in the present survey). 


2. Tue Distinction BETWEEN SHOWER AND BACKGROUND ACTIVITY 


In this paper the term ‘“‘meteor shower” is restricted in application to certain 
periods of increased meteor activity which recur on definite dates. These increases 
may be large or small, and may persist for intervals extending from a few hours 
(Giacobinids) to several weeks (Perseids). The meteors of each shower proceed 
from a definite radiant area, which may be compact or diffuse, and constitute a 
homogeneous velocity group. Thus the concept ofa meteor shower is here associated 
with a stream of particles moving in a definite orbit round the sun. The numerous 
published lists of meteor showers all agree on the more intense showers, which may 
be classed as the major showers. Unfortunately, although perhaps not unexpec- 
tedly, there is little agreement as regards the weaker, minor, showers. 

After allowing for the radiants of shower meteors, which may be regarded as 
singularities, the general background distribution of meteor radiants is far from 
isotropic. Three diffuse concentrations, centred on the sun, the anti-sun and the 
apex of the earth’s way, have been recognized (HAWKINS, 1956; Wetss, 1957). 
These concentrations, which persist throughout the year, are apparent rather than 
real, in that they are formed by compounding the motion of the earth with the 
motion of meteor particles whose heliocentric radiant distribution is largely indepen- 
dent of solar longitude. The concept of streams of particles moving in definite 
orbits is not involved, and these concentrations cannot be considered as showers in 
the sense of the previous paragraph. 

The distinction here drawn between showers and concentrations in the back- 
ground radiant distribution has a clear physical significance. Provided the shower 
radiant is not too diffuse, the responses of narrow-beam radio equipments to the 
two types of meteor distribution are quite different. Should the radiant become 
very diffuse, the distinction between shower and background can no longer be 
maintained unless the shower activity is high. A weak shower with a very 
diffuse radiant will necessarily be allotted to the background activity. 

If a meteor shower with a compact radiant area is observed with a narrow-beam 
radio equipment, and the range and time of detection of each echo is plotted, 
it will be found that all the shower echoes fall within a range-time envelope whose 
shape depends on the aerial beam-width and orientation, the latitude of the 
observing station and the declination of the radiant. Typical range-time envelopes 
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for each of the Adelaide aerials, drawn after the manner described by CLEGG (1948), 
are shown in Fig. 1; details of the aerial system will be found in Wetss (1955). 

Showers will usually be observed against a considerable background activity, 
and these groupings of echoes characteristic of showers must be accompanied by an 
increase in the echo rate. Except for radiants close to the south celestial pole these 
rate increases persist for less than 2 hr. If it is accepted that in a high-rate survey 
range-time plots of all echoes are impracticable, than a practical method of searching 
for weak showers must be based upon echo rates alone. 
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Fig. 1. Range-time envelopes for the Adelaide narrow-beam equipment. North aerial 
directed to azimuth 354° S of E, South aerial to 14° N of E. 


Now it is well known that the background meteor rate is subject to diurnal and 
seasonal variations, and also to short-lived statistical fluctuations (Section 4), and 
mere inspection of echo rates is quite inadequate for the recognition of weak 
showers. The question then arises, what is to be taken as an increase in the echo 
rate sufficiently significant for classification as a period of suspected shower 
activity ? 

Before considering this question, let us pause to examine the periodic structure 
of partial rate plots based on short time-intervals. 


3. THe RANDOM CONTENT OF PARTIAL RATE PLOTS 


A typical partial rate plot is illustrated by the lower full line of Fig. 2. This 
plot gives the number of echoes, per 10 min interval, detected within the limits of 
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slant range 400-600 km; raw counts, illustrated by the dashed line, are smoothed 
in a running group of three with the centre interval counted twice. Total counts 
per } hr interval are also shown. With the exception of a few meteors at ranges 
greater than 900 km, the total count includes all meteors detected within the major 
lobe of the aerial; no smoothing has been applied. The high rates near midnight 
are due to the Geminid shower. 
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Fig. 2. Typical partial rate and full rate plots of meteor echoes. The partial rate plot 
ine ae only echoes detected between 400-600 km slant range; ———-—— smoothed; 
trae unsmoothed. Full rate plot is unsmoothed. 


From a casual inspection, using the Geminids as a guide, it would appear 
possible that some of the other peaks in the partial rate plot could represent 
shower activity. However, the shape and duration of the peaks is strongly in- 
fluenced by the smoothing process, and the unsmoothed plot is not so suggestive of 
shower activity. Whilst some measure of smoothing is both necessary and justi- 
fiable if these plots are to be used for radiant measurement, it may prove very 
misleading in radiant identification. This is a situation commonly encountered in 
the interpretation of geophysical data. 

Despite the undesirability of smoothing, it is rewarding to follow up the 
supposition that at least the stronger peaks in the smoothed partial rate plots are 
to be associated with shower activity. To place the argument on a quantitative 
basis, there is given in Fig. 3(a) a frequency distribution showing the relative 
frequency of occurrence of the intervals of time separating successive maxima. 
and successive minima, in the meteor counts for December 1956. The usual 7?-tests 
showed no significant differences as between maxima and minima and as between 
north and south aerials. It will be seen that the most probable interval separating 
successive peaks, and successive troughs, is from 40 to 60 min, which is just the 
interval of time required for the passage of a shower radiant through the aerial 
beam in the selected range interval of 400-600 km (Fig. 1). This strengthens the 
inference that many of the peaks in partial rate plots could be due to shower 
activity, and this inference is made still more plausible by the evident tendency for 
peaks to repeat at or near the same time from day to day. 
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But the element of chance coincidence must not be overlooked. For example, 
if a coincidence in time is scored when the peaks of activity on two successive runs 
on the same aerial are separated by one interval (10 min) the probability that this 
coincidence could be due to chance is 3. This is a large probability, but even this 
method of scoring a coincidence is too stringent for the Geminids, which on one 
occasion exhibited a displacement of 20 min in time of peak activity. 

Moreover, frequency distributions very similar in form to Fig. 3(a) for meteors 
can be generated by random numbers smoothed in the same manner as the meteor 
counts. Two examples appear in Figs. 3(b) and 3(c). Fig. 3(b) was generated 
by allotting equal probability of selection to each random digit from 0 to 9, and 
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December 1956 probability distribution 
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Relative frequency of occurrence 
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Fig. 3. Frequency distributions generated by partial rate plots of meteor echoes, and by 
two sets of random numbers. 


Fig. 3(c) by allotting to each random digit from 0 to 10 the probability of selection 
appropriate to the Poisson distribution with mean m = 4-5. Some allowance must 
be made for the diurnal variation in the meteor echo rate, which tends to cause 
long separations between successive maxima near 1800 hours LT when the meteor 
rate is low, but this will not destroy the general similarity between the distributions 
for meteors and for random numbers. This similarity, whose statistical significance 
is indicated by 7? tests, suggests that there is, in fact, a large random component in 
the meteor counts, and this is confirmed by more detailed comparisons which have 
been made. These will not be enumerated here. It is sufficient to remark that if 
the random numbers are divided into groups of 144, to simulate a day’s meteor 
observations, and examined for repetition of features at the same “time” from 
“day” to “‘day’’, then “showers” can be generated with equal facility by random 
numbers and by actual meteor counts. 

The conclusion must be that the great majority of the peaks in the partial rate 
plots are due to chance fluctuations in the meteor rate. Even taking into account 
the amplitude of the peaks, which has been ignored in the preceding analysis, 
it is doubtful whether one could assert with any degree of confidence which of the 
peaks were due to minor showers, and which peaks represented normal random 


9 
23 





A. A. WEISS 


fluctuations in the background rate. Only the major showers can be identified 
with certainty. 

This example underlines the statement, made earlier, that inspection of echo 
rates is an inadequate basis for recognition of weak shower activity. 


4. A Statistica, Test OF SHOWER ACTIVITY 

At least three investigations have been made of the probability distribution of 
the number of echoes detected in short time intervals (30sec). Two of these 
(McCrosky, 1957; BowpeEn and Davtss, 1957) agree that with these short inter- 
vals the distribution of meteor counts does not depart significantly from the 
Poisson distribution, and the latter authors advance reasons why the significant 
result found by the third (WyYLiz and CastiiLo, 1956) may not be real. Selected 
portions of the Adelaide record for December 1956 and January 1957 have been 
analysed in the same way, but using longer time intervals (2 min and 10 min). 
Once again no significant departures from the Poisson distribution have been 
found. Details will be found in Appendix I. 

There is no physical reason, apart from shower activity. why clustering amongst 
meteors should occur over still longer intervals of time. Assuming then a random 
background activity, total counts within a prescribed interval of time should be 
distributed according to Poisson’s law. The relative frequency of occurrence of a 
count » is given by exp (—m)m"/n!, in which the mean m can only be estimated 
from the meteor counts themselves. The probability of obtaining a count >n is 

x 
> exp (—m)m*/zx ! (1) 


r=n 


By choosing an appropriate significance level S, those periods for which P(n) < S 
may be identified. These are periods of suspected shower activity, which warrant 
further investigation by range-time plots of individual echoes. Similarly. con- 


sideration of the probability 


n—1 
P(n) = > exp (—m)m*/x ! 
r=0 
in relation to the same significance level S indicates periods of abnormally low 
activity. 
A basic time interval of 3} hr has been chosen. This time interval is short in 


relation to the time of passage of most shower radiants through the collecting 
sector of the aerial. 

Although the partial sums based on Poisson's law are exact, the probabilities 
(1) and (2) obtained from them are only approximate, because of the necessity to 
evaluate an expected count (#) from the meteor counts themselves. and then to 
accept this value of E as equivalent to the mean m. Even after excluding all 
known shower activity the expected count is by no means constant. It is influenced 
by both diurnal and seasonal variations in the background count. The seasonal 
change is so slow that over a short period, say a month, it may be ignored, but the 
rapid change in the diurnal pattern near midday in summer (cf. Fig. 2) and mid- 
night in winter is a source of inaccuracy which cannot be eliminated. Another 
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factor which must be considered is short-term changes in the sensitivity of the 
equipment, due to minor faults, failure to achieve uniformity in film processing 
or slight interference by external noise. If severe, these faults are easily recognized 
and the affected portions of the record are rejected from the statistical analysis. 
These temporary and perhaps unrecognized changes in the threshold level of 
detection of echoes are much more serious than slow drifts in equipment sensitivity 
which may go unrecognized despite continual monitoring of the equipment. 

The average diurnal variation for each month, after deletion of known shower 
activity and correction for all apparent short-term changes in sensitivity, has been 
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Fig. 4. Probability chart for estimating the significance level S of an observed meteor count. 


accepted as the best estimate of the expected count (#) for each cell on any given 
day. In the computation of probabilities it is assumed that E = m. The errors 
introduced into the H-values by the inclusion of cells which are subsequently 
identified as periods of shower activity can be eliminated by a process of iteration, 
if this is thought worth while. 

In practice, nominal values of S = 0-05, 0-01, 0-001 have been adopted. The 
type of chart in use is illustrated in Fig. 4. If this diagram is entered with the 
appropriate values of the observed count O and the expected count #, the level 
of significance to be attached to the particular count can be seen at a glance. 

A similar search method for isolating shower activity has already been used by 
KresAkovA and KresAk (1955) in their analysis of telescopic meteor observations 


in Czechoslovakia. 
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5. EXAMINATION OF METEOR CounTS FOR DECEMBER 1956 
AND JANUARY 1957 

The results of applying the statistical analysis outlined above to records 
covering 19 days in December 1956 and 21 days in January 1957 are illustrated in 
Fig. 5. This diagram shows the proportions of cells exhibiting significant depar- 
tures from the mean behaviour for each } hr interval, the level of significance and 
the sense of the departure of the observed from the expected count. The known 
December showers—Geminids, Puppids, Phoenicids—have been excluded. No 
known January showers are observable from Adelaide. 
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It might be thought that at least some of the significantly low counts could be 
caused by interference by noise, but in fact the strongest and most persistent 
interference occurs just before 1800 hours LT, when the variability of the meteor 
counts is least. A detailed examination of the effect of noise interference shows that 
very few of the low counts can be attributed to this source. No attempt is made to 
read records contaminated by severe interference. 

The most striking feature of these diagrams is the distribution, as a function 
of local time, of the cells whose counts differ significantly from the mean behaviour. 
The period of great variability, from shortly after midnight to shortly after noon, 
coincides with the time of passage, through the aerial collecting sectors, of the 
concentrations in the background radiant distribution. In contrast to this, the 
period near the time of passage of the antapex through the aerial collecting sectors 
is one in which the rate varies little from day to day. This surprising result is 
consistent with the observation by HAWKINS (1956) that when meteors are observed 
in the hemisphere centred on the antapex there is a distribution of radiants more 
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uniform than at other times, when there is a strong concentration of radiants in 
the plane of the ecliptic. 

Comparison of the number of significant cells observed with the number 
expected on a chance basis is made in Table 1. December shows a large excess of 
significant cells over the chance expectation. Although January records exhibit 
little more variability than expected, it must be remembered that the significant 
cells are not evenly distributed throughout the day, and that the difficulties in 
making correct allowance for short-term changes in sensitivity constitute an 
additional source of variability. A test of homogeneity of the hourly total counts 
for January, taking the records for each aerial separately, has also been made in 
the usual way. This test comes out very strongly against homogeneity from day 
to day. For the south aerial, 7? = 281 with n = 168 degrees of freedom. Use of 


Table 1. Comparison with expectation of observed numbers of significant meteor counts 





Month 
Level & 


: of December 1956 January 1957 
significance 5 feat 


0 
(Yo) Observed ixpected Observed Expected 
92 41 


Positive 31 
11 


Negative 





the approximation ¢ = 1/(2z?) — +/(2n — 1) gives ¢t = 5-42 which is significant 
at the 10-7 level. For the north aerial, 7? = 383, n = 168, ¢ = 9-39, significant at 
the 10-* level. The contribution to 7? by the (hourly) cells between 1600 and 2200 
hours is very small, consistent with Fig. 5. Shower activity precluded a similar 
homogeneity test for December. 

A detailed comparison with partial rate plots shows, as expected, that only the 
most marked peaks and troughs in the partial rate plots depart significantly from 
the mean rate. Many of the significant counts, both high and low, arise in periods 
of some length—2 or 3 hr at least—when the whole level of meteor activity seems 
to rise above, or fall below, the mean level. Variation of this type is not suggestive 
of shower activity, and of course showers cannot be invoked in explanation of the 
periods of low count, which occur almost as frequently as high counts. This type 
of variability must rather be regarded as a property of the background activity. in 
whose study the statistical approach should prove fruitful. 

A few shorter intervals of high count have been noted as periods of possible 
shower activity. These, together with data on the major showers, will be reported 


separately. 
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6. CONCLUSIONS 

Statistical fluctuations in the background activity, the diffuseness of some of 
the shower radiants, and possibly the short time over which some showers are 
active, all impose limits to the recognition of weak shower activity in records 
obtained with narrow-beam radio equipments when these equipments are operated 
at echo rates practicable for a routine survey. Only the major showers, giving 
counts whose increases over the normal rate are highly significant, can be recognized 
with certainty and studied in detail; duration of the shower activity is then not a 
limitation to recognition. The remainder of the activity, after exclusion of recog- 
nized showers, is necessarily classed as background activity. Fortunately, the 
narrow collecting sector of the strongly-beamed aerial, operating on meteor radiants 
concentrated to the plane of the ecliptic, enables the distribution of the background 
activity to be studied in some detail, although there is always some ambiguity 
associated with an extended collecting area. Statistical studies of the pattern 
of the background activity then reveal significant variations from hour to hour and 
from day to day. Some of these variations are quite marked (although by no means 
as strong as the major showers), but they do not possess the structure associated with 
shower activity as detected by these equipments. This type of variability is 
tentatively identified as a characteristic of the true background activity. This is 
not to deny the existence of minor radiants; it merely emphasizes that most of 
the variability in meteor counts made with narrow-beam radio equipments is not 
of the type associated with recognizable showers in the sense defined in Section 2. 


APPENDIX I 


Comparison of meteor counts with Poisson’s distribution 

This comparison has been made using selected portions of the meteor record 
for December 1956 and January 1957. If Poisson’s Law is applicable, then as 
indicated in the text, the relative number of cells giving a count of n meteors is 
exp (—m)m"/n! The mean meteor count per cell over the duration of the section of 
record examined is accepted as the mean, m, for the purpose of computation of 
probabilities. 

Only those portions of the meteor record for which the average rate appeared 
by inspection to remain constant over a sufficiently long interval of time were 
selected for analysis. This inspection was made on either total or partial rate plots. 
Division into the basic short-duration cells was made in two ways: (a) 2 min in 
time, 200-800 km in slant range; (b) 10 min in time, 400-600 km in slant range. 
The chosen portions of the record are distributed throughout the day, and mean 
rates differ considerably. For this reason information obtained from different 
portions of the record has not been combined. No attempt has been made to use 
sections of the record yielding too few cells for application of the 7?-test for goodness 
of fit. As range information is available to supplement time information there is no 
possibility of ambiguity in separation of echoes from different meteors, despite 
the slow film speed of 12 em/hr. 

Table 2 describes the records selected for analysis, and lists the probabilities 
found in the usual manner by the 7?-test. Two typical observed distributions, 


28 





Narrow-beam radio equipments in the detection of weak meteor showers 


Table 2. Comparison of meteor counts with Poisson’s Law 
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with the fitted Poisson distributions, are illustrated in Fig. 6. The last two lines of 
Table 2 give data for two records extending over more than 24 hr; one of these is 
also shown in Fig. 6. These latter examples were included to illustrate the effect 
of the diurnal variation, and to emphasize the importance of applying these tests 
only to data for which the mean count is known to be constant. 

Of the thirty-two selected periods, only two show departures from the Poisson 
distribution significant at the 5 per cent level. This is no more than would be 
expected on the basis of chance events. These samples contain no evidence against 
the hypothesis that the background activity is randomly distributed. 
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ig. 6. Typical distributions in comparison of meteor echo counts with Poisson’s distribu- 
tion. @ Observed number of cells; x expected number of cells. 
(A) 2min cells; mean = 0:71; 6hr record. 
(B) 10 min cells; mean = 3-83; 10 hr record. 
(C) 10 min cells; mean = 3:26; 24 hr record. 
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effect of solar activity 
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Abstract—The paper discusses the geomagnetic influence on the noon critical frequencies of F/- and 
F2-layers in different seasons and at different stages of solar activity. The F'1-layer is found to be 
affected by the magnetic field only in years of high solar activity. The equatorial depression of noon 
fof 2 is, on the other hand, most prominent in years of low solar activity. 


1. INTRODUCTION 


Ir is well known that the F2-layer of the ionosphere behaves anomalously in 
many ways, whereas the H- and Fl-layers behave approximately as “Chapman 
layers’. SEATON (1948) showed that the noon critical frequencies of F'J-layer in 
January 1947 were not symmetrical about the subsolar point. The isopleths of 
average maximum electron concentration for the FJ-layer indicated two principal 
high density regions at about 4°N and 21°S, while contours of the #-layer ioniza- 
tion were regularly disposed in agreement with contemporary ideas. LEsay and 
ARDILLON (1950) indicated that the variation of the FJ-layer differs somewhat 
from that of H and that it had some of the peculiarities of /2. GHosnH (1955) 
showed that the noon critical frequencies of FJ were affected by the geomagnetic 
latitude in the same way as F2-layer critical frequencies and expressed the view 
that f, 1 showed a depression at the magnetic equator both in high as well as in 
low sunspot years. Eyrria (1955) supported these conclusions using f,// data 
obtained by Japanese workers at a few equatorial stations in the minimum sunspot 
years 1943 and 1944. Magpa (1955) and Sato (1955), however, did not find any 
trough in the latitudinal distribution of noon critical frequencies of FJ during 
1953. Rasroat (1956, 1958) found that critical frequencies of /' 1 extrapolated for 
zero sunspot number showed a definite maximum at the equator and that the 
occurrence of two maxima of f, FJ in the middle latitudes was a feature of high 
sunspot periods. It may be mentioned that GuHosuH had taken 1951 as a representa- 
tive low sunspot years though the average Ziirich sunspot number F#, in 1951 was 69-4. 
It was, therefore, felt desirable to re-examine the critical frequencies of F/ and F2 
during years of different solar activity and this note gives some of the conclusions 
arrived at. 


2. LaTirupINAL DistrrpuTION OF Noon VALUES OF f,/, fyF1 AND fy F2 


First, the distributions of midday critical frequencies of F'J-layer (mean of 11 
to 13 hr) with respect to geographic latitude, geomagnetic latitude and magnetic 
dip are examined. We compare the distributions of f,/ 1 with similar distributions 
of f,H and f,F2. In Figs. 1(a), 1(b) and 1(c) are plotted the midday critical 
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Canada. 
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i). Variation of midday (11-13 hr mean) critical frequencies of H-layer in March 
1952 with geographic latitude, geomagnetic latitude and magnetic dip. 
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Fig. 1(b). Variation of midday (11-13 hr mean) critical frequencies of F'J-layer in March 
1952 with geographic latitude, geomagnetic latitude and magnetic dip. 
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frequencies of H, F1 and F2 in March 1952 against geographic and geomagnetic 
latitudes and magnetic dip. 

The points relating to f,# are least scattered in the plot against geographic 
latitude and the curve shows a maximum at the geographic equator. In the plots 
against geomagnetic latitude and magnetic dip, there is definitely greater scatter 
of points. 

Referring to F2 critical frequencies in Fig. 1(c)* the scatter of points is less in 
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Fig. 1(c). Variation of noon critical frequencies of F'2-layer in March 1952 with geographic 
latitude, geomagnetic latitude and magnetic dip. 


the plots against geomagnetic latitude or magnetic dip and the curves show two 
maxima in middle latitudes (at + 15° geomagnetic latitude or +30° magnetic dip) 
with a depression at the equator. 

Referring to the plots of FJ critical frequencies in Fig. 1(b), we find the largest 
scatter of points in the plot against geographic latitude and the least scatter in the 
plot against magnetic dip. Maximum frequencies are observed north and south of 
the equator at approximately the same latitudes as the f,/2 peaks. 

It may be concluded that the critical frequencies of 2 and probably of F/ 
are best arranged according to magnetic dip. 

* It may be ncted that in the plot of f,/'2 against geomagnetic latitude in Fig. 1(c), two points corre- 
sponding to Lwiro and Nairobi in Africa lie far from the smooth curve. On the plot against magnetic 
dip, however, these points fit very well on the smooth curve. In Fig. 1(b) also, the points corresponding 
to f,F1 at Lwiro and Nairobi which are discrepant on the geomagnetic latitude plot, lie on a smooth 


curve when plotted against the magnetic dip. This discrepancy occurs in other months also at many 
African stations where there is large separation between the magnetic and geomagnetic equators. 
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3. GEOMAGNETIC CoNTROL OF NOON fp) F1 IN DIFFERENT 
YEARS WITHIN A SOLAR CYCLE 
Next, we examine the geomagnetic influence of f,F'/ at different stages of solar 
activity. In Figs. 2(a), 2(b) and 2(c) are shown the geomagnetic latitude distribu- 
tions of noon critical frequencies of FJ averaged over (a) the equinoctial months, 
i.e. March, April, September and October (b) northern winter months, i.e. 
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Fig. 2(a). Variations of noon critical frequencies of F'J-layer with geomagnetic latitude for 
the equinoctial months (March, April, September and October) of individual years. 


November, December, January and February; and (c) southern winter months, 
i.e. May, June, July and August, in a number of years from 1945 to 1956. 
Referring to Fig. 2(a) it is seen that the depression of f,)/'/ at the equator was 
most pronounced in the maximum sunspot years (1947 and 1948). The depression 
decreased steadily with decrease in solar activity in 1951 and 1952 and was absent 
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in 1954, the year of least solar activity. It again developed in 1955 and was quite 
conspicuous in 1956, when the sunspot numbers had gone up. The two peaks 
occurred at about + 20° geomagnetic latitude, and the north and south peaks were 
nearly equal in the equinoctial months. 

Similar variations of equatorial depression of f,)/1 are observed in Figs. 2(b) 


and 2(c). The depressions are most conspicuous in the years of maximum solar 


activity (1947) and practically absent in a year of low solar activity (1954). 


Table 1. Noon critical frequencies of F1- and F2-layers at the equatorial and middle 
latitude stations during equinoctial months of different years 





Noon critical frequency F'1-layer Noon critical frequency F'2-layer 


Zurich F . —_— 
Subtropical Equatorial ; 
plane es a : Difference 


number Peak trough Ratio Peak trough 
“4 Me/s Me/s 
(Me/s) (Me/s) it (Mc/s) (Me/s) itl 


sunspot Subtropical Equatorial ae 
I I 1 Difference Ratio 
1 


0-0 

0-40 
1-70 
0-90 
1-10 
0-50 
0-30 
0-35 
0-15 
0-95 
0-25 


6-00 5°25 0-75 


Selle ni ee 


Mean . Mean 





We find that during equinoctial months the values of noon f,F1 are fairly 
constant within --20° of the equator, beyond which it decreases with latitude. 
During solstitial months there is a flat maximum about the subsolar point. 

In Table 1 are collected the values of f,F/ and f,F2 at the equatorial troughs 
and subtropical peaks during the equinoctial months of the years 1945 to 1956. 

It will be noted that the ratio of f)F1 at subtropical and equatorial regions 
was maximum in 1947 and 1956 and minimum in 1945 and 1954. It therefore 
appears that while there is no detectable geomagnetic influence on noon f, FJ in 
minimum sunspot years, there is a pronounced effect in high sunspot years. The 
f, F1 peaks are located at about +21° geomagnetic latitude, or +40° dip. The 
highest critical frequencies of FJ were recorded in south hemisphere at Rarotonga 
(dip 39°) and in the north hemisphere at Okinawa (dip 37°) and Chungking 
(dip 43°). 

4, GEOMAGNETIC CONTROL OF Noon f,F2 IN DIFFERENT 
YEARS WITHIN A SOLAR CYCLE 


In Fig. 3 are shown the variation with magnetic dip of noon f,F2 in the 
equinoctial months of the individual years 1945 to 1956. The two peaks in f,F2 
occurred at magnetic dips of about +30°. The southern peak seems to be smaller 
than the northern peak in most of the years, but as the number of stations near 
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Magnetic dip in degrees 
Fig. 3. Variations of noon critical frequencies of /'2-layer with magnetic dip for the 
equinoctial months (March, April, September and October) of individual years. 
the southern peak is smaller the conclusion should be taken with reserve. The 
difference between the northern peak and the equatorial trough values of f,/'2 in 
most of the years ranges between 3 and 4 Mc/s (refer to Table 1). The ratio of 
peak-to-trough values seems to be systematically higher during periods of lower 
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Magnetic dip in degrees 
North hemisphere 
Fig. 4. Variations of noon critical frequencies of F'2-layer in the north hemisphere with 
magnetic dip for the solstitial months (May, June, July and August) and (November, 
December, January and February) of individual years. 


solar activity. Thus, the peak value of f/f, 42 was 17 per cent greater than the 
trough value in the maximum sunspot year of 1947, while it was about 50 per cent 


greater in the minimum sunspot year of 1954. 
In Fig. 4 are shown variations of noon f,F2 with magnetic dip in the northern 


hemisphere during the solstitial months. 
The relative equatorial depression of noon f,F2 during sunspot minimum and 
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sunspot maximum periods can be clearly seen from Fig. 5, where are plotted the 
yearly average noon f,F2 values in 1953 (low sunspot year) and 1956 (high sun- 
spot year) against magnetic dip. Note that the f,/2 scale is logarithmic and so 
the separation between the two curves at any latitude gives the proportional 
difference in f,F2. It is evident from the figure that the equatorial depression 
was much reduced in 1956 compared to 1953. 

It is to be noted that in 1953 (and also in 1954) the f, #2 peak occurred at about 
°30° dip. The maximum f,F2 (yearly average value) was observed at Calcutta 


















































5 
oO 











| 
5 a 
S Ren 
0° 30° 60° 90° 
South North _— 
Magnetic dip 

































































Yearly mean noon 


Fig. 5. Variations of yearly mean noon critical frequencies of F2-layer with magnetic dip 
in the years 1953 and 1956. 


(dip 31°). In 1956, a year of large sunspot number, the f,/'2 peaks seem to have 
shifted away from the equator and were located at about 35° dip. The maximum 
f, F2 (yearly average value) were observed at Formosa and Ahmedabad (dip 34°). 


6. CONCLUSIONS 

(1) During low sunspot years, noon critical frequencies of FJ vary regularly 
with geographic latitude and the maximum value occurs near the sub-solar point. 

(2) During high sunspot years, there develop two peaks of noon f,F/ on either 
side of a magnetic equator with a depression at the equator. 

(3) The latitudinal distribution of f,/1 or f,f2 shows less scatter when plotted 
against geomagnetic latitude or magnetic dip than against geographic latitude. 
The magnetic dip seems to be the most suitable co-ordinate for representing the 
variation of noon f, FJ or f,F2 with latitude. 

(4) The peaks of f,/2 occur at about 30° dip in low sunspot years and about 
35° dip in high sunspot years. The peaks of f,/J occur farther from the equator 
at about 40° dip. 

(5) The magnitude of equatorial depression of /,/ 1 decreases progressively 
with decrease of sunspot number while that of /,#2 remains fairly constant at 
different stages of solar activity. However, the proportionate equatorial depression 
of f,F1 increases while that of f)/2 decreases with increase in sunspot number. 
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Ionospheric self-demodulation and self-distortion of radio waves 
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Cavendish Laboratory, Free School Lane, Cambridge 
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Abstract—Experiments in which the phenomenon of ionospheric self-demodulation was investigated are 
described. Demodulation is observed to occur only at the lower modulation frequencies, and it is con- 
cluded that the occurrence of the phenomenon can be satisfactorily explained by an extension of BAILEY’s 
theory of ionospheric cross-modulation as presented by HuxLEy and RATCLIFFE (1949). The magnitude of 
the observed demodulation effect agrees with the value predicted by theoretical considerations and is 
what would be expected in view of results obtained in cross-modulation experiments. Complications 
due to selective fading were not present in the experiments performed. found It is that self-demodulation 
decreases as does ordinary cross-modulation, near dawn; this is explained by the fact that the absorption 
of the radio wave occurs at a level where the collision frequency is of the same order of magnitude as the 
equivalent angular frequency of the wave. 


1. INTRODUCTION 


Ir is well known that modulation can sometimes be transferred from one wave to 
another if both waves traverse an absorbing region of the ionosphere simultaneously, 
and the phenomenon has been called “‘wave-interaction’’, ‘Luxembourg effect”’ 
or “ionospheric cross-modulation”’. (BatmLEy and Martyn, 1934a, b; Hux trey 
and RaTcLiFFE, 1949). It is possible that a single modulated wave traversing an 
absorbing region in the ionosphere could produce cross-modulation on to itself 


and thus decrease its modulation to some extent. 

It is the purpose of this paper to describe more fully the experiments reported 
by the author (KiNG, 1957) in which the phenomenon of ionospheric self-demodu- 
lation was investigated. The experiments are described in Section 3, and the main 
results are discussed in Section 4. In Section 5 it is shown that the amount of 
self-demodulation decreases as dawn approaches and this effect is discussed in 
relation to the well established, but hitherto unexplained, observation that the 
amount of cross-modulation also decreases with the approach of dawn. 

Previous work (HUXLEY, 1952) on ionospheric cross-modulation has shown that 
the amount of transferred modulation does not always increase as much as would 
be expected at the lowest frequencies. In Section 6 this phenomenon is discussed 
and it is suggested that it arises because the disturbing wave suffers appreciable 
self-demodulation before its modulation is transferred to the wanted wave. 

Other workers (A1rcHISON and Goopwtn, 1955; CuToLo, 1955) have observed 
a change in the coefficient of modulation of a wave caused by transmission through 
the ionosphere. Their results do not conform at all to the theory outlined in Section 
2 and no explanation of them has been attempted in this paper. In the present 
series of experiments no phenomena of the type described by these other workers 
have been encountered. 

HipsBerpD (1955 and 1956) has published theoretical papers on the subject of 
self-demodulation and has arrived at conclusions similar to those presented in 
this paper. He has extended the theory (H1BBERD, 1957) to include effects which 


might occur near the gyro frequency. 
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2. THEORY OF SELF-DEMODULATION 


BaILEY’s theory of ionospheric cross-modulation, as summarized by HUXLEY 
and RaATcLiFFE (1949), shows that when an unmodulated wanted wave traverses 
2 region of the ionosphere which is also transmitting a disturbing wave modulated 
with a coefficient W at a frequency w/2z7, its amplitude is modulated by a factor 
m, given by 

1 — T.,, cos (wt — ¢,) — T4,, cos (2mt — do) 
= 
where » = Tl + (w/Gr)?]- 
“al ae Yt ¢ l(Le,\21—-3 
Px. = MT {1 + (2«/Gr)?] 


tan ¢, = 3 tan ¢d, = w/G» 


and 7’, is the value to which 7, would tend as the modulation frequency w 


G)/27 = 240 sec! 
M=O8 


____. theoretical curve 





a 








a a ° 
200 400 <j, 600 800 o 





c/s 400 
Fig. 1. Theoretical and experimental 

values of F,. The curve is drawn for 
the case M 0-3 and 7, = 0-024. 


Fig. 2. Theoretical curves showing 
the percentage of second harmonic 
introduced. 
becomes small. 7’, depends on the power and the modulation depth of the disturb- 
ing wave, and on the radio frequencies of both waves. 7’, can be determined for 
any pair of senders by making measurements on a series of modulation frequencies 
and using equation (2), and it has thus been shown that it is proportional to the 
power, and to the coefficient of modulation, of the disturbing wave as would be 

expected from theory. 


If now a single wave modulated so that its amplitude varies as 


1+ M cos wt 


traverses the ionosphere we shall suppose that it modifies its own amplitude by 


the factor m, given in equation (1) so that it emerges with its amplitude modulated 
by a factor m, where 


m, = (1 + M cos wt)m, 


It is shown in the Appendix that equation (4) may be written 
m, =1+ MF, cos (wt + «) + MF, cos (2at + £) 
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where F, = 1 — ($7,,/M*)(2M — M? — T,) cos? ¢, —} MT, cos?¢, (6) 


l= 


ge) $7 94 cos? d, + cos? ¢, + cos? ¢, cos? d, + cos d, sin ¢, cos dy sin dy]! 
sas th 1 — 1MT,, cos? 4, 





and « and / are small phase advancements. 

The factor F, given by equation (6) represents the demodulation produced by 
transmission through the ionosphere; its variation with frequency is shown in 
Fig. 1 for a case where M = 0-3 and 7, = 0-024. The quantity M F,, representing 
the amplitude of the second harmonic introduced, is plotted in Fig. 2 for two 
values of 7’. 


3. EXPERIMENTAL ARRANGEMENTS 


Many experiments made in the past at Cambridge have made use of the BBC 
sender at Droitwich (200 ke/s, 200 kW) to provide the disturbing wave, and 
measurements of cross-modulation have shown that 7, ~ 0-04 when the modula- 
tion coefficient MM = 1. The wanted wave in these experiments was provided by 
different senders on different occasions. Because so much was known about cross- 
modulation under these conditions it was decided to investigate self-modulation 
on a wave emitted from Droitwich, and to see whether the effect was consistent 
with that expected from the magnitude of 7’, observed on cross-modulation. 
The measurements were made at night at Cambridge, distant 150 km from 
Droitwich. 

In order to measure any small change in modulation depth the coefficients of 
modulation on the ground wave alone and then on the sky wave alone were 
measured with the same equipment used under the same circumstances, and the 
mean results compared. It was known from other measuremenis that the midday 
field strength at the receiving point was almost entirely due to ground wave alone. 
The sky wave could therefore be isolated by using a loop aerial adjusted, at mid- 
day, so that no detectable signal was received. At night an e.m.f. representing 
the ground wave was obtained by receiving on a vertical aerial. From observa- 
tions of the fading of the signal received on such an aerial it was concluded that 
the sky-wave component was of negligible magnitude. 

Fading caused the amplitude of the sky wave to vary over a wide range and 
it was important that this fading should not introduce spurious results. The 
amplifier was provided with automatic gain control so that the mean radio- 
frequency e.m.f. applied to the measuring device was always the same. The 
magnitude of this e.m.f. was read on a meter and frequently checked for constancy. 
The depth of modulation was measured with an apparatus described by SHaw 
(1951). In this apparatus the constant radiofrequency e.m.f. was demodulated 
and the audiofrequency e.m.f. was applied to circuits which produced on a cathode- 
ray oscillograph a vector which indicated the amplitude and phase of the modula- 
tion. The oscillograph screen was photographed and the records later measured 
up. The phase of the modulation remained constant to within 1—2° during most 
of the fading. This fact provides support for the conclusion reached below that 
selective fading was not important. Ona very few occasions the phase was observed 
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to be irregular; it was supposed that selective fading was then important and the 
corresponding measurements were rejected. 

If, during the fading, the amplitude of the carrier and side bands change by 
different amounts the received depth of modulation will change. The fading is 
caused by an interference mechanism, and if there is anywhere in the trans- 
mission system a path difference of length d then two waves whose frequencies 
differ by f will not fade appreciably differently if f < c/4d where c is the free-space 
velocity. If then f is the modulation frequency there should be fairly complete 
freedom from selective fading of this kind if d < }c/f. In the experiments to be 
described f < 800 ¢/s so that spurious results would be caused by fading if d is 
greater than about 50 km. The waves which were used were normally reflected 
from the #-layer and the reflection coefficient was small enough for the second 
reflection to be unimportant on most occasions. Path differences of the order of 
50 km were therefore not expected. The most important measurements were made 
with modulation frequencies of 200 ¢/s or less, for which the path difference would 
have to be >200 km for selective fading to be important. 

In this connexion it should be noted that in experiments on self-demodulation 
performed by other workers (ArrcHIsSON and Goopwin, 1955; CuTOLo, 1955) 
the radiofrequencies used were probably reflected from the F-layer, and possibly 
from the #-layer simultaneously, and the modulation frequencies were considerably 
greater. Under these conditions selective fading must presumably have been 
important, and it must have been difficult to allow for its effects. 


4. Resutts or EXPERIMENTS ON SELF-DEMODULATION 


4.1. Dependence on modulation frequency 

Experiments were made on eleven different nights. On most of these the 
Droitwich sender (200 ke/s, distant 150 km) was used, but on three nights a sender 
at Daventry (647 ke/s, distant 90 km) was used. On most occasions modulation 
frequencies of 50, 100, 200 and 750 c/s were used. The procedure adopted was 
that, for each frequency, observations were made for 3 min on the ground wave 
and 12 min on the sky wave, measurements being taken at the rate of 20/min. 
Results with all four modulation frequencies were thus obtained in 1 hr, and the 
process could be repeated several times during a night. The power and the modu- 
lation depth were varied on different occasions. 

On all occasions the demodulation, measured by the factor F, in equation 5, 
was found to be more pronounced at the lower frequencies. The results for a 
series of three nights on which the power was 200 kW and the coefficient of modu- 
lation 0-3 are shown in Fig. 1 where the lengths of the lines indicate the standard 
deviations of the readings. Each point corresponds to about 1500 separate deter- 
minations of the ratio of the modulation coefficients. 


4.2. Dependence on power and modulation depth 


Experiments made with different conditions at the sender gave similar results; 
for each set of conditions curves showing F’, as a function of modulation frequency 
were plotted and the best fitting curve used to give a value of 7’). Theoretical and 
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experimental investigations of cross-modulation have shown that 7’, is proportional 
to the power of the sender and to the coefficient of modulation, so that it is 
possible to calculate what 7’, would have been under standard conditions of 
100 kW with 100 per cent modulation. The values of 7’, normalized in this way 
are shown in Table 1. The final results, obtained using a wide range of transmitted 
power, are reasonably consistent. 


TABLE 1. Measured values of 7’) normalized to a power of 100 kW and to M = 1 





Frequency Power T 
De tes | as | i. AN 0 - 
“— | (ke/s) (kW) : | normalized 


27—29/1/1954 i “2 | 0-034 


18-21/5/1954 2 0-037 


99; SY ORR 
22 and 24/6/1955 9 yet 0-040 
and 5/7/1955 


0-037 


7/7/1955 





4.3. The magnitude of the effect 

From Table 1 it appears that the mean value of 7’, (normalized for 100 kW 
and 100 per cent modulation) is about 0-037. It is interesting to compare this 
experimental value with estimates made in other ways: 

(a) 7’) may be calculated from the theory of cross-modulation as given by 
Hux ey and RatcuirFe (1949). Their equation 15 reads 

T [a = Me?Ep?/(mpp?3Gk6) (8) 
where, in the present case, « represents the attenuation in nepers of the wave 
itself; pp is the effective angular radiofrequency of the wave which for an actual 
frequency of 200 ke/s is approximately equal to the angular gyrofrequency p;, = 
27 X 1-25 « 10% c/s; Ep is the electric field strength of the wave = 8 x 1077 
e.s.u. for 100 kW radiated at an angle of 45° to a height of 100 km; G is assumed 
to be 2 x 10-8; e and m are the charge and mass respectively of the electron; k 
is Boltzmann’s constant; 9, the temperature, is taken to be 193°K, i.e. the tem- 
perature given by Nicouer (1952) for a height of 90 km assuming oxygen half- 
dissociated. 

Insertion of the above quantities into equation 8 shows that for MZ = 1-0 we 
obtain 7',/« = 0-0161, i.e. for 1 neper of absorption 7’, is 1-61 per cent. The best 
possible estimate (ALLCocK, 1954; BELROsE, 1955) of the absorption suffered by 
a wave from Droitwich received in Cambridge is 2-21 nepers, and therefore the 
theoretical estimate of 7’, for the self-demodulation which would be expected in the 
experiments performed is 2-21 x 1-61 per cent = 0-036. This value is in good 
agreement with the experimental value of 7’, deduced from self-demodulation 


experiments. 
(b) We may compare the magnitude of 7’, deduced from self-demodulation 
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experiments with that deduced from cross-modulation experiments. The theory 
given by Huxuey and RatcuirFE can be extended to show that if 7’), and 7’), are 
the magnitudes of 7’, prevailing in cross-modulation and self-demodulation experi- 
ments respectively then 7'o¢/T'9p = %y/%p where ay and a), represent the absorb- 
tion of the wanted wave and the single wave in the two cases respectively. A 
careful study of all the Cambridge cross-modulation experiments indicates that 
for the standard case of 100 kW of disturbing power and 100 per cent transmitted 
modulation the quantity 7'¢/« = 0-013/neper. This quantity compares well 
with the value for 7')p/%p = 0-037/2-2 = 0-017/neper observed in self-demodula- 
tion experiments. The fact that the observed value of 7')p/«), is slightly larger 
than 7'9./%~ might be expected since in cross-modulation experiments the absorb- 
ing regions for the wanted and disturbing waves might not always overlap 
completely. 


4.4. The production of harmonics 

Observations were made on two nights with a wave radiated from Droitwich 
(200 ke/s, 200 kW) and modulated at 200 c/s with M = 0-6. A Marconi wave 
analyser was used to measure the amount of second harmonic present. In order 
to measure the amount of harmonic content introduced by the process of self- 
distortion the amount of second harmonic present on the ground wave had to be 
measured to allow for any harmonic content introduced by the apparatus. More 
than 400 measurements were made on the sky wave and 100 on the ground wave, 
and it was found that the process of self-distortion introduced 1-5 per cent of 
second harmonic into the sky wave. 

A reasonable estimate for the quantity Gy/27 for the region where the self- 
distortion occurred during the experiments is Gy/27 = 350 sec-!, and upon 
substituting this value into equatoin 7 the value of 7’, (normalized to 100 kW and 
M = 1) is found to be 0-035, which is in good agreement with the results given 
above. 

5. PHENOMENA OCCURRING NEAR DAWN 


It is well established that the magnitude of ionospheric cross-modulation 
decreases during the hour before sunrise and is very small at sunrise (RATCLIFFE 
and SHaw, 1948). One possible explanation (SHAW, 1951) is that whereas during 
the night the appropriate value of the collision frequency » is much smaller than 
the equivalent angular frequency p (given by p = pp + p, for self-demodulation 
and p = py, + p, for cross-modulation, where p, is the angular gyrofrequency) 
it cannot be supposed that vy remains small at the levels where the wave is absorbed 
near dawn. When vy and pare of the same order of magnitude the magnitude of 7’, 
will not depend on 1/p?, but it will be proportional to 


ie — ee + er (9) 


An alternative explanation (RATCLIFFE and SHaw, 1948) supposes that the regions 
where the wanted and the disturbing waves are absorbed overlap during the night 
but are separate near dawn. 

The present experiments throw some light on this phenomenon because they 
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show that the amount of self-demodulation also decreases as dawn approaches. 
Since this observation cannot be explained in terms of the separation of the 
absorbing regions it favours the first explanation given above. 

An attempt was made to relate the magnitude of », deduced from cross- 
modulation experiments, to the magnitude of 7’, observed in the same experiments 
as dawn approached. Droitwich (200 ke/s, 200 kW) was used as the disturbing 
sender and Westerglen (809 ke/s, 100 kW, distant 450 km) provided the wanted 
wave. The quantity Gv/27 was determined by both the well known phase and 


Table 2. Values of Gy/2z7 and the corresponding transferred 
modulation obtained on 3/6/1954 





Gy/27 


GMT Transferred modulation | (sec) 
sec 


(%) 


Night-time 230 


0240-0300 ‘6 440 


0300-0320 : 1000 





amplitude methods, and the two methods gave concordant results, a typical set of 
which is given in Table 2. The corresponding values of the transferred modulation 
are also given. 

For the conditions of the experiment calculation shows that the results given 
in Table 2 agree with equation 9 if the constant G is taken as 2-0 x 107%. 


6. THE “Low FREQUENCY ANOMALY” IN CRross-MODULATION 


It has been found (HuxLeEy, 1952) that although equation (2) represents the 
relation between 7’,, and w, for frequencies greater than about 250 ¢/s, it often 
gives values of 7’, which are greater than those actually observed at the lower 
modulation frequencies. In the observed results there is, indeed, often found to 
be a maximum of transferred modulation at some frequency in the region of 
150 c/s, such that the value of 7’, is the same for 60 c/s as for a frequency of about 
250 e/s. 

A possible explanation of this phenomenon could be given by supposing that 
at the lowest modulation frequencies the disturbing wave suffered appreciable 
self-demodulation before it had produced the greater part of the cross-modulation. 
Some of the consequences of this explanation may be tested as follows: 

A reasonable estimate of the magnitude of the low frequency anomaly is that 
the transferred modulation at 60 c/s is about 0-9 times what it ought to be on 
simple theory. If the suggested mechanism were correct, and if all the self- 
demodulation occurred before cross-modulation was produced, this implies that 
F, = 0-9, and if we assume that the experiments were made with a disturbing 
power of 200 kW and with M = 0-6, we conclude that we would require a value of 
T,, (normalized) of 0-062. However, the value expected for 7’) is 0-037, which is 
too small by a factor of about two, but is nevertheless of the right order of 


magnitude. 
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.. A detailed examination of the phenomenon reveals two other facts which would 
be accounted for on the explanation here suggested. The first of these is that the 
low frequency anomaly becomes smaller with the onset of dawn, just as the self- 
demodulation becomes smaller. The second is that at night whenever the cross- 
modulation is found to be unusually large the low frequency anomaly is more 
pronounced. 


APPENDIX 


We have equation (4): 
m, = (1 + M cos wt)[1 — T., cos (wt — ¢,) — T2,, cos (2at — ¢d4)] 

-=14 M cos wt — T, cos (wt — ¢,) — Tp, cos (2wt — do) 
MT, cos wt cos (wt — ¢,) — MT,,, cos wt cos (2wt — ¢4) 
cos wt| M — T',, cos d, — 4MT,j,, cos do] 
sin wt| —T,, sin d, — }MT,, sin ¢5] 
cos 2wt{| —T',,, cos d6. — MT, cos 4,] 
sin 2wt[ —T,,,, sin d, — }MT, sin ¢,] 
IMT,,, cos (3at — $d.) —3MT, cos 4, (Al) 

— 1+ A cos (wt + «) + B cos (2at + f) + C cos (Bat + y) + D (A2) 


where «, 8 and y are small phase advancements which may be readily calculated if 
required. D is seen to be given by —}MT', cos ¢,, and 


A? —[M — T', cos d, — 4MT,, cos ¢,]? + [7, sin ¢, + 4MT,, sin ¢4}? 

Neglecting terms containing (7’,,,)? and (7’,,,)(7',,) we find: 

A? = M? 4+ 7,2 — 2MT,, cos ¢, — M?T,,, cos ¢o. 
Hence, using equations (2) and (3), we have: 

A = M{1 + (7',2/M?) cos? ¢, — (27')/M) cos? ¢, — 4 MT, cos? $4] 

therefore A = Mf — (T,/M)[1 — (47,/M)] cos? ¢, — MT, cos? 45} 
Now we can re-write equation (A2) in the form: 

m, =1+ MF, cos (ot + «) + MF, cos (2wt + f) 
(neglecting the term representing the third harmonic) where 


B 


ee ; 
MP = a and MF, = wa 


] — T M 1] — 17 M 2 pee MT 2 
therefore F, = (To/-M)I - a 8 9 COS? dy 
igs 0 1 


—1 — (47,/M2)(2M — 7, — M®) cos? ¢, — 4 MT, cos? $5 
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Similarly we see from equation (A1) that 
B? = T,,? + fM?T,,? + T.T..M cos (¢, — $2) 
= 1M?T',?[4{cos? d, + cos? J, + cos ¢, cos ¢, cos (¢, — $2)} 
therefore 


+T ,[4cos? J; + cos? 4, + cos? d, cos? d, + cos g, sin ¢, cos dg sin Po] 
- 1 — MT, cos? ¢, 
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Abstract—Expressions are derived from which it is possible to plot approximate ray paths through 
‘‘linear”’ or ‘‘parabolic’’ ionospheric layers in the presence of the earth’s magnetic field. From the curves 
of Figs. 3, 4 and 5 it is possible to compute very simply the horizontal displacement of the reflection point 
for any dip angle, and for vertical or oblique incidence. 


1. INTRODUCTION 


Wiru the inclusion of the earth’s magnetic field the equations governing the 
propagation of radio waves in the ionosphere become very complex, and exact 
analytical solutions to many of the problems encountered are difficult and often 
impossible in terms of simple functions. BooKER (1938 and 1949) showed that the 
magnetic field causes deviations of a ray out of the plane of incidence, and gave a 
graphical method of tracing the ray paths in certain cases. POEVERLEIN (1950) 
constructed some paths for the two-dimensional case when the direction of the 
magnetic field lies in the plane of incidence. He used a simpler graphical method 
and indicated how the paths might be expected to change under different conditions. 
ForsSGREN (1951) calculated some vertical-incidence paths for conditions in 
Sweden. Also, by a rough approximation (considering only the larger of the two 
terms under the square root in equation (1)) he showed how the deviation at vertical 
incidence may change with varying frequency and magnetic field. A few workers 
have since published ray paths derived by POEVERLEIN’s method for particular 
conditions. The work involved is considerable, and any graphical method is subject 
to accumulated errors. Some exact ray paths at oblique incidence have recently 
been calculated by HASELGROVE (1957) using an electronic computer. Curves are 
given showing the effect of the magnetic field on m.u.f. calculations for propagation 
in the magnetic meridian. The present paper attempts to derive general formulae 
for rapidly determining the approximate ray paths and lateral deviations of high 
frequency radio waves under a wide range of conditions. The curvature of the 
ionosphere has very little effect on the deviations from the no-field path and will be 
ignored. 
2. SIMPLIFICATION OF FORMULAE 
For conditions in the upper ionosphere (when the effect of collisions and the 
Lorentz polarization term may be ignored) the Appleton—Hartree equation for 
the normal refractive index » may be written 
x iad , 
“9a oe 1+ Ycos#{—q+v7(1 + q*)} (1) 


* Now at the Cavendish Laboratory, Cambridge. 
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Y sin? 6 
where = —— G= 
2(1 — X) cos 0 





and N is the electron density, f the wave frequency, f}, the gyrofrequency and 6 the 
acute angle between the directions of the wave-normal and the magnetic field. 
The upper and lower alternative signs refer to the Ordinary and Extraordinary 
rays respectively. 

Simpler forms of this relation may be derived from the approximation 


1 
bg =<¢+ =~ + ¢ : 
Va+e) =a+ 75, (2) 
where £ is positive and less than the least of 1/10, q/10, and (1 + q)/24 for all 
values of g. We thus obtain, for the Ordinary ray 
Y cos 0 ethas “a Y 9 Y? sin? 6 3 
~ with ve erro — a 
meen Bie ee I ®) 
Xx Y? sin? 6 
2(1 — X)(1 + q) 


1 — n? 


(4) 


= 1+ Y cos@ with a +ve error < 


xX 
n* = 1 — X with a —ve error < 100Y cos 6 1 xh cent 


For the Extraordinary ray 
Ycos# Y*sin? 6 
oar ng 
with the same (negative) error as (3), and 
. ee 
eal — = 1 — (1+ q)Y cos 6 — e wheree < 2 — : 
1 — n* 8 cos 4 
For several values of X, equations (3) and (4) are shown in a polar diagram as 
n(9) in Fig. 1 using the value Y = 0-24 for which the exact values of » (shown 
as solid lines) have been calculated by ForsGren (1951). The “longitudinal 
approximation’”’ of equation (4) (broken lines) is seen to be sufficiently accurate for 
most purposes for values of X up to at least 0-6 for any direction of magnetic field. 
It is thus applicable to normal oblique incidence transmission with angles of inci- 
dence greater than 40°. Since the error is roughly proportional to Y?/(1 — X) we 
may expect this simple form to hold quite well for values of X up to 0-9 at frequen- 
cies of 10 Mc/s and above. The dashed lines represent equation (3) and are 
reasonably accurate for all values of X and 6. Both equations are exact in the 
limiting cases of 0 = 0, 7/2 or X = 0, lor Y = 0. 
ARGENCE and Mayor (1953) used an approximation 


‘it~ 2 ee 
1—X+ Y+XY cos? 6 


2 





n 


to calculate the shape of the virtual height curve for a parabolic layer. This was 
derived by approximating to the curves of the n(@) diagram by ellipses with the 


~ 
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same axes, that corresponding to X = 0-9 is shown dotted in Fig. 1. The mean 
error is about twice that for equation (3) and decreases with X, becoming half 
that for equation (4) and several times that for equation (3) at X = 0-6. In the 
absence of any magnetic field Fig. 1 would consist of circles with the minor axes 
of the present curves as diameter. 

Since for a horizontal ionosphere n sin 7 is constant and equal to sin 7») (where 
i is the angle between the wave-normal and the vertical) the values of » for points 
along a ray path will lie on a vertical line at a horizontal distance sin i) from the 





0. _ 0125. 05. 20°75 1:05in'ig 
: 

Wave 
normal 


Energy 
flow 














wl 
Fig. 1. Ordinary ray refractive index at Y = 0-24. 
Exact value — X/1—n? = 1+ Yeos@. 
seeceseness SEMMEDSO —~-- X/l1—n? =1+4 Yecos@/l 


centre of the appropriate (@) diagram (Fig. 1). This forms the basis of PoEVER- 
LEIN’S graphical method of constructing the ray paths, since the direction of 
propagation of the ray is perpendicular to the n-curve at a given point. The angle 
¢ it makes with the wave-normal is therefore given by 


Ldn Y sin 6(1 — n?) 


te = = J mi 
un dh n dO ~ 211 — X)/(1 + @?) (7) 


Equation (2) then gives 
Ysnd X(1 +, 
tan @d = + : ( 1) 
2(1 — X) D 
where, for the ordinary ray, 
D=1+q¢+¢@+ Ycos6é — — qY cos 6) = (1 + q)? 


giving 
sonic XY sin 6 
—tan = 
° 2( —) + Fiaetieast 
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with an error between —25 per cent and +100Y cos 6(1 — 4} tan? 4) per cent. 
For X < $ (oblique incidence) g is small unless cos 6 is small, and 


giving 
hal XY sin 6 (9) 
—tan ¢, = . ; 
* 21 — X) + ¥ s0ee 0 
with an error between —100q/(1 + q)? per cent and +50Y cos 6(1 — tan? 9) per 
cent. 

The deviations due to the magnetic field are found by evaluating f tan ¢ ds 
along the ray path. The maximum positive errors given occur at the base of the 
ionosphere where tan ¢ is zero, and disappear when tan ¢ becomes appreciable. 
The value q¢ is small over most of a ray path, becoming infinite at reflection (when 
the expressions for tan ¢ are exact) for the case of vertical incidence. Thus the error 
will approach —25 per cent only over a small range as q passes through unity, and 
the mean integrated error is generally less than half this. 

Differentiation of equation (4) gives 

vor —XY sin 6 (10) 
ond, = —_ 
° 2(1 — X) 
The error is less than 20 per cent for 6 < 70°, X <1 — 2Y. 
For the extraordinary ray reflection occurs at X = 1 — Y, and q has a maxi- 


mum value of } sin @ tan 6. Then 
D=1+4q-— Y cos @(1 + gq)? 
giving 
XY sin 6 
tan ¢, = ; pee a 
2(1 — X)(1 — Y cos 0) — Y? sin? 6 


with an error +ve for gq < 4 Y of less than +100q?/(1 + q) per cent for Y < }. 
The peak error, attained at reflection, is about 0-4 per cent at 6 = 20°, 2 per 
cent at 30°, 5 per cent at 40° and 30 per cent at 6 = 60°. 


3. Ray Patus at VERTICAL INCIDENCE 
Writing 
a—q(l — X) = $Y sin 6 tan 0 

and 

—ayY cos 0 

1 — Yecos@ 
equations (8) and (11) become: 

aX cot 6 


eh ee 
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] 
— cosec 6 





At vertical incidence 6 is constant and equal to 7/2 — I where J is the magnetic 


dip angle. 
Measuring h/ vertically and S in the magnetic meridian, the ray path is given by 
rh 
S =] tand¢ddh, the origin being taken at the point where the ray enters the 


Jo 
ionosphere. For a linear layer and a unit height of reflection, we have h = X 


giving for the Ordinary ray: 
lta ' | 
S =a tan Ha +a In( )-a 12 
\' l+a—h, ) (48) 
The Extraordinary ray path is obtained by replacing the constants a and tan I 
by a’ and 1/(Y cos I) respectively. 
For a parabolic layer, X = (1/z?)(1 — h?) where h is measured downwards from 
the centre of the layer, the base being at h = 1, and z is the ratio of the wave 
frequency to the critical frequency of the layer. The ray path is then given by: 


‘Ly W 
S =atan I(H — _ (cot -1 H — cot" 4 —atan I(1 — h) (13) 
' Lb, 


/ 


or S =a tan ee i) ns (7) — (| —atan I(1 — h) 


where H? = —K? = 2°(1 + a) — 1 and ¢(K) = K tanh"'!K. 

The path extends from h = 1 to reflection at h = y/(1 — 2?) (Ordinary ray) 
or 4/{l1 — 2°(1 — y)} (Extraordinary ray). For a layer of semithickness A the 
actual deviation is SA and is about twice as large (for z ~ 1) as for a linear layer 
giving the same height of reflection. The Ordinary ray path is perpendicular to the 
direction of the magnetic field at reflection when tan ¢ has a maximum value of 


tan I. 

In Fig. 2 some ray paths derived graphically by FoRSGREN (1951) are compared 
with the corresponding paths calculated from equation (13). The deviations 
always agree to within 10 per cent. The extraordinary ray curves show no 
significant differences, since with 6 = 13° the maximum error in equations (11) 


and (13) is only 0-06 per cent. 


4. Tor HorizontTAL DISPLACEMENT OF THE Portnt OF REFLECTION 


Sweep frequency ionospheric records will not represent the variations in the 
ionosphere in a purely vertical direction, due to the large, varying, horizontal 
displacements of the reflection point near a critical frequency. For the Ordinary 
ray the present analysis permits a direct presentation of the magnitude and varia- 
tion of this deviation, since equation (8) gives tan ¢ cot J as a function of X and of a 
only. Thus if S is the deviation of the point of reflection, equation (12) gives for a 
linear layer 


S 1 
S’ = — cot =a(1 +a)In (1 (14) 
h a 


m 
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S’ is the ratio of the actual deviation to that which would be obtained if the ray 
was perpendicular to the magnetic field throughout its path. 

For a parabolic layer it is convenient to use S’ = S cot J/A, equation (13) 
giving for z = 1 


S’ = V/a(1 + a) cot 1\/a —a (15) 





H=0-515 Oe. 








\ 
\ 
\ 
{ 
| 
q 


f=3-75 Mcis. 





























| 


f. = 55 6 8 | Mc/s. 














Fig. 2. Ray paths at vertical incidence for a parabolic layer with a semithickness of 100 km 
and critical frequency fe. 
Dip angle J = 77°13’; fa = 1-44 Me/s. 
———Ray paths constructed graphically by ForsGREN. 
— — — — Ray paths given by equation (13) (shown only where they differ appreciably from 
the graphical values). 


S’ is plotted in Fig. 3 as a function of a for values of z equal to 0-8, 0-95, 0-99, 1-0 
and 1-1. These curves determine the deviation of the corresponding rays for any 
frequency (or value of Y) and any strength and direction of magnetic field. The 
values are exact at the limits (longitudinal and transverse magnetic fields) and 
about 10 per cent too small elsewhere for Y sin J less than 1. The total horizontal 
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displacement of a transmitted ray (z > 1) will be twice that shown, which refers 
to the centre of the layer. 

For a given magnetic dip, the curves show directly how the deviation varies 
with Y, i.e. with frequency. The variation is quite slow, a change of about ten 
times in Y being required to double the deviation. The deviation decreases fairly 
uniformly as f falls below f,, being reduced to about three-quarters, half and quarter 


Dip angle J at Y=O°2 




















| 
S OOo = 4 6 8 O1 





a=% Y cos I cot / 
Fig. 3. Horizontal displacement of the reflection point (multiplied by cot J) for vertical 
incidence on a parabolic layer of unit semithickness. 
of the critical value at f/f, = 0-99, 0-95 and 0-8 respectively. When f < 0-8f, the 
deviation is greater than that for a linear layer (with the same height of reflection) 
by less than 20 per cent. When J is large the deviation mostly occurs in a narrow 
region near X = 1, and so falls off very rapidly for f greater than f.. 

For a given value of Y the curves of Fig. 3 show the variation of the displacement 
with magnetic dip; the values of J when Y = 0-2 are shown at the top of the 
figure. S/A(= SS’ tan /) is plotted against J for this case at f = f, and f = 0-99f,. 
The curve for a linear layer is also shown (dashed) and gives the lower limit of the 
ratio of the deviation to tan J times the penetration as f/f, is reduced. It is seen 
that the deviation is sustained up to quite large dip angles. The limiting case 
f =f, (requiring an infinite virtual height and not realizable in practice) actually 
tends to a maximum value of (7/2),\/( Y/2) at the poles, where it is discontinuous. 
A “‘vertical”’ ray at the poles will generally make an angle of a few degrees with the 
magnetic field due to tilting of the reflecting layer. So for a frequency f = f, = 5fy 
reflected from a layer of semithickness 100 km the reflection point might be 
expected to move on a circle of about 30 km radius. 

For f > fy the curves of Fig. 3 represent approximately the lower limits of 
the deviations for a given value of a. The exact form of S’ for the Ordinary ray is 

aX X) dh - 
‘1 —X + YsinI[y)/{(l — X)? + a}— a] ai 
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where 1 — X =/h for a linear layer and h? for a parabolic layer (at f =f). 
Thus the upper limit of the displacements at a given value of a are obtained at 
Y sin J = 0, giving for a linear layer S’,,, = a{sinh— 1/a + a — \/(1+a2)}. These 
limits, and the exact values of S’ (evaluated numerically) for Y sin J = 4, 4, 1 and 
2, are shown in Fig. 4. Equations (14) and (15) are shown dashed for comparison. 
The corrections required are seen to be of the expected order; about 10 per cent 
at medium frequencies. They depend only slightly on the shape of the layer. 





0:667 


0:6 


O-5 = 


Parabolic layer 
(F=f) 























Oo 0001 5 OO} 2 4 es of 
a=% Y cos! cot I 
Fig. 4. Exact values of the lateral displacements for parabolic and linear layers. The 
dashed lines are the approximate values from equations (14) and (15). 
and are readily estimated for the intermediate cases of reflection from a parabolic 
layer with f <f,. Similar corrections will apply to the deviations obtained by 
integrating equation (10) for any other layer shape. 

Table 1 gives the absolute corrections to equations (14) and (15) in units of 
the third decimal place, and may be used when an accuracy of a few per cent is 
insufficient. The maximum error in this table is 0-7 units. 

At most observatories the magnetic dip angle is greater than 50° and equations 
(12) and (13) will give the deviations of the Extraordinary ray to within about 
1 per cent. For equatorial regions a much closer upper limit is obtained by writing 
Y cos #{¢ + 1/(1 + q?)} = Y in equation (1). Equation (5) then gives: 


AY cos I [' X dh 
ste i} /{(1 — X)? + a?} 
AY cos I { 
i 


S 


ba 


] porn 
sinh-! — — sinh~! Pe (Y2 + a7) —vy(1 + “| 


for a linear layer. A crude lower limit for S is given by: 
| eae haat 
ta Sn 


since Y cos 0{q + \/(1 + q)} > Y?. 
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Since for small dip angles the Extraordinary ray deviation is small and not greatly 
dependent on layer shape these relations should provide sufficient accuracy when 
equation (11) is not suitable. 

A third, so-called Z-trace is occasionally observed on ionospheric records. 
ELuis (1957) has shown how measurement of the penetration frequencies of the 
O-, X- and Z-rays can yield information on the strength of the magnetic field in 


Table 1. Corrections to calculated values of 81 (x 10%) 





Parabolic layer (f = f,) | Linear layer 
Y sin I 0 } 4 1 


g=) 
0-01 
0:0316 
0-1 
0-316 
1 





the ionosphere and on the horizontal gradient of ionization. The calculations 
require a knowledge of the lateral deviations of the reflection points for the three 
rays at a range of frequencies. Since such “triple splitting” is only observed when 
the magnetic dip angle is greater than 65°, equation (13) gives the deviation of the 
X-ray to within 0-5 per cent. The Z-ray is thought to consist of a slightly oblique 
Ordinary ray, becoming parallel to the magnetic field at the normal reflection 
level X = 1. It then continues in the Extraordinary mode and is reflected at 
X =14+4/. The refractive index is given by n? = 1 — X/(1 + Y) over the 
complete path, since the propagation is exactly longitudinal at X = 1. For the 
same reason the angle between the ray direction and the wave-normal is always 
small and may be neglected. The lateral deviation of the reflection point is then 
given by 

S =h, tani, + A sin iy sech— sin i (18) 


when h, is the height of the base of the parabolic layer of semithickness A, and i, 
is the angle of incidence given by 


y 
ain i, = oe I 
SIN Zo Rie +. E cos 


This result is for a ray of frequency f, = f,/,/(1 + Y). The true critical ray 
with an infinite virtual height will have a frequency f, sec i». This will also have an 
infinite lateral deviation, since there is no cusp at reflection. However the back- 
scattering which returns the ray to the transmitter will take place somewhere 
below the layer maximum, and some compromise deviation such as that given by 
equation (18) must be used. This deviation may be too small, since the ray con- 
sidered only penetrates a distance of (typically) 0-85 A; it does however reproduce 
the deviations given by Ex.is (at J = 72°) to within 3 per cent, the accuracy to 
which his curves may be read. 
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5. DEVIATIONS AT OBLIQUE INCIDENCE 


In the presence of a magnetic field, Snell’s law still zoverns the direction of the 
wave-normal. Below the ionosphere this coincides with the ray direction, and 
so the sole effect of the magnetic field on a ray reflected from the ionosphere is 
to displace the point of emergence. Y sin 6 may be regarded as the component 
perpendicular to the wave-normal of a vector Y along the direction of the earth’s 
magnetic field. The direction of the wave-normal remains in the plane of incidence 
so the deviation ¢, of the ray direction from this plane is, by equation (7) 

Y 1 — n? 

eee ae Bee 
where Y, is the horizontal component of Y perpendicular to the direction of 
propagation. If7is the angle between the wave-normal and the vertical, the ray is 
deviated out of the plane of incidence a distance ds = tan ¢,/cos i dh in a vertical 
distance dh. Since the deviations due to the magnetic field are small, the total 
displacement may be evaluated by integrating along the ‘“‘wave-path”’ defined by 
m sin i = sin 7, instead of along the actual ray path. The lateral deviation at any 
point is then given by 


af m* dh 1 — n? 
S= { ——~—. dn? = +AY [ — > In? 
1 cost dn? - bats Ji dn? 4/(n? — sin? i) 


where A is a mean value of n/{2(1 + X)\/(1 + q*)} over the range of integration. 


Writing n? — sin? i, = u? cos? iy gives 
u dh 
S = +2AY, cos? is | — (1 — wu?) du (19) 
1 dn? 
Equation (1) may be written 
Xx 
sen oe De Fe 20 
1 — n? seit. (20) 
where Y, [equal to Y cos 0{—q + y/(1 + q?)}] is small and slowly varying over a 
ray path. Thus for a linear layer dh/dn” is approximately constant and equal to 
—(dh/dX)(1 + Y,), giving the lateral deviation at the point of reflection (n = sin %9, 
u = 0) as 
4 dh ; 
~A—(1+ Y,)Y, cos? i, (21) 
3 dz Pr 


baal (i Sx) 


where h is measured downwards from the centre of the layer, and writing 


§ = + 


For a parabolic layer 


we get 
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Integrating to the top of the wave-path (w = 0) for z < 1, or to the centre of the 
layer (w = \/(1 — 1/z?)) for z > 1, equation (19) gives the lateral deviation over 
half the ray path as 


S = +AAB(z)Y, cos i (22) 


where 


The accuracy of equations (21) and (22) is limited by the accuracy to which the 
mean value A of n/{2(1 — X),\/(1 + q?)} can be estimated. The changes in this 
function are small, lying between those of \/(1 — X) and 1/,/(1 — X). For cos 


iy — 0, 0-2, 0-4 and 0-5 the minimum values sin 7, of n are 1, 0-980, 0-9165 and 0-80. 
Since tan ¢ is zero at n =1, and smoothly approaches a maximum at n = sin %9 
(where the integrand of equation (19) as a function of m is infinite), mean values 
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Fig. 5. Lateral deviation at oblique incidence. The actual deviation is proportional to 
A xX (transverse component of Y). 


over the ray path of 1, 0-985, 0-94 and 0-85 for m should not be in error by more 
than about one-third of the difference between successive values. Using 


Y sin § tan 6 
X =(1 —n*)(1 + Yoos#) and g= “ies x) 


we then get the values of A plotted in Fig. 5 as a function of 6 for Y = %,[f = 10 
Me/s]. The maximum error is seen to be about 2 per cent. 

§ will in practice vary over the range of integration. However for 6 < 80° 
the variation of A is small and the value of 9 applicable to the horizontal direction 
of propagation is used. If 6 becomes greater than 85° the path is best considered 
in two halves and mean values of 6 estimated for each section. The possible 
percentage error in A for the section in which 6 approaches 90° will be large, but 
the deviation is less and the overall error can still be kept small. The variation of 
A with 6 depends almost entirely on Y sin 6 tan 6[ =2q(1 — X)] since n? = 1 — X. 
Thus for any other value of Y, A may be found from the same figure using the 
scale of Y sin tan 6. For 6 < 75°, A is seen to be nearly equal to 1/(2 sin %,) 
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(Fig. 5). The lateral deviation 2S over a complete path is then given by 
28 =A. B(z)Y, cot i 
for a parabolic layer and 


28 i= : (1 + Y;,) = Y, cos’ 79 cot 5 = =n Y, cot ig (23) 
for a linear layer, where h,, is the height of reflection. 

The values plotted in Fig. 5 are for the Ordinary ray. For the Extraordinary 
ray the values of A differ by less than the change in \/(1 — X), or by a factor less 
than 1 + Y cos @. However at a given frequency the displacement of the Extra- 
ordinary ray is less due to the smaller penetration. The Ordinary ray deviations 
are always such as to increase the acute angle between the directions of the ray and 
the magnetic field, while the deviation of the Extraordinary ray decreases this 
angle. 

CHATTERJEE (1952) has graphically estimated the displacements over two paths 
by applying BookEr’s method (1949) to the special cases of equatorial and (mag- 
netically) east-west transmission. For the equatorial path Calcutta—Bandoeng 
he took f;, = 1-0 Me/s, f = 9-53 Me/s and 1, = 70° 21’. The angle between the 
magnetic meridian and the plane of incidence was 35° and a linear approximation, 
with a gradient equal to that measured at the reflection point was used. This 
gradient was not given, however assuming (f cos 79)/f, = 0-9 (i.e. a night-time 
critical frequency of 3-5 Mc/s) a parabolic layer of semithickness 100 km gives 
dh/dX(1 + Y,) equal to 940 and a total deviation of 2-9 km from equation (23). 
CHATTERJEE gives his result as about 3 km. In the second case (Calcutta—Bombay) 
I = 30° and i, = 65° 48’. This illustrates the difficult case (of less practical 
importance) in the present analysis when 9 = 90° at the reflection point and there 
is no net deviation. At the base of the layer Y sin 6 tan 6 = 0-45. For a linear 
layer Fig. 5 then suggests a mean value of from 0-2 to 0-3 for A, and equation (21) 
gives the horizontal displacement at the centre of the path as 1-6 to 2-4 km. 
CHATTERJEE’S result was “estimated to be about 2 km.” 

These figures are typical, and only for frequencies below 5 Mc/s will the total 
displacement over a ray path normally exceed 10 km. The largest deviations occur 
for an equatorial path inclined at 20—80° to the horizontal direction of the field, 
when the apparent bearing of a 10 Mc/s wave will be altered by about 0-1—0-3° 
per hop. The effect is roughly proportional to Y, cot i, or 1/f?, since the elevation 
angles in normal short wave transmissions are such that f cos 7, is about the same at 
all frequencies. 

The increased range (for the Ordinary ray) in the presence of a magnetic field 
is largely due to the greater penetration of the “‘wave-path” n sini = sin ig, 
since X is now greater than 1 — n?. Equation (20) gives: 


x So” 


Nap Sh coer Rohe: ee 
1+ ¥, Pu + Ty) 

and the refractive index at any point is the same as in the absence of a magnetic 

field if the critical frequency at that point is divided (or the effective wave-fre- 

quency multiplied) by 1/(1 + Y,) = 1+4¥Ycos6. This apparent change then 


n? = 1 
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gives the deviation of the wave-path, caused by the magnetic field, for any form of 
ionosphere. For a linear layer the height of a given ionization (i.e. of fy”) is effec- 
tively multiplied by 1 + Yj,, and the effect of the magnetic field is to increase the 
scale of the ray-diagram, and the range in the layer, by about +100 Y cos @ per 
cent. For a parabolic layer the effect is equivalent to a reduction of about +50Y 
cos # per cent in the critical frequency, where 6 may be taken as the (acute) angle 
between the horizontal direction of propagation and the magnetic field. At oblique 
incidence this will fairly accurately give the total increase in range, since the 
variation of cos @ and the deviation of the ray from the wave-path are small. 
At grazing incidence the increase is exactly given by the apparent decrease {1 — 
1/\/(1 + Y,)} f, in critical frequency. 

POEVERLEIN (1950) gives ray paths for a linear layer with Y = 0-375, J = 65° 
and the direction of the magnetic field lying in the plane of incidence. Since cos 6 
(cos J) is small the full expression (20) must be used, and the factor 1 + Y, 
gives an increase in range (exact at grazing incidence) of 11-1 per cent. Measure- 
ment of PoEVERLEIN’S curves gave increases of 22 per cent at 7) = 18°, 18 per cent 
at 30°, 15 per cent at 36°, 13 per cent at 42° and 12 per cent at 51°, the largest 
angle of incidence for which a ray path was given. It thus appears that the simple 
mean wave-path increase calculation is adequate for angles of incidence greater 
than about 45°, the smallest likely to be encountered in normal short-wave trans- 
mission. Since the increases due to the wave-path and due to the deviations of 
the ray from this path are both roughly proportional to Y, changes of frequency 
(above about 2 Mc/s) will not invalidate this result. For smaller angles of incidence 
a near-vertical magnetic field always increases this approximate range, a horizontal 
field in the direction of propagation decreases the range while a horizontal field 
at right angles to this direction has no effect. 
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Abstract—A study of cosmic noise absorption at a frequency of 30 Mc/s at Ottawa and Churchill has 
revealed the existence of two apparently distinct types of abnormal absorption event. One of these is pre- 
dominantly a night-time phenomenon and is closely associated with auroral and geomagnetic disturbance. 
It is suggested that this absorption may be caused by an increase in electron collisional frequency at 
#-region heights rather than by a large increase in electron density at lower levels. The second type of 
absorption is confined to the auroral zone and is predominantly a daytime phenomenon, recurring for 
several days after a large solar flare. Evidence is presented to show that this absorption is due to an 
increase in ionization at very low levels in the ionosphere. The cosmic noise measurements are supported 
by evidence from a number of VHF forward-scatter circuits in Canada, and this is used to obtain 
information about the geographical extent and frequency of occurrence of these abnormal absorption 


events. 
INTRODUCTION 

Ir has been realized within recent years that a great deal of useful information 
about conditions in the lower part of the ionosphere can be obtained by the 
measurement of the absorption suffered by the very-high-frequency radio waves 
which form part of the continuous-frequency spectrum of galactic or cosmic noise. 
The method was first used by Mirra and SHAIN (1953) working at a frequency of 
18-3 Mc/s and has been further developed since, notably by workers at College, 
Alaska (LirtLe, 1954; Lirrie and Lernpacu, 1958), who have used frequencies 
of 30 and 65 Me/s to study absorption in the auroral zone. 

In principle the method is extremely simple, the basic equipment necessary 
being a broad-beam antenna directed towards the zenith, feeding into a preamplifier 
and low-noise receiver. In the absence of interfering signals, a pen recorder on the 
receiver output will give a continuous record of the incident cosmic noise signal 
within the receiver bandwidth. However, it is difficult to eliminate slight drifts 
in the receiver gain characteristics, which would make accurate measurement of 
signal strength impossible without frequent calibration. A more refined method 
of measuring the incident cosmic noise power, originally due to MAcuIn et al. (1952), 
has recently been developed by Lirrite and LEINBACH (1958) and the present 
equipment has been based on their design. 

The input to the receiver is switched at a frequency of about 100 c/s between 
the antenna and the output of a local noise-generating diode. If these two signals 
are of different amplitudes, a 100 c/s component will be present at the receiver 
output, having an amplitude which is proportional to the misalignment between 
the two inputs and being either in phase or 180° out of phase with the switching 
oscillator output, depending on which of the two inputs is the larger. This 100 ¢/s 
signal is amplified and detected in a phase-sensitive detector, giving a d.c. voltage 





* Work carried out under Project No. PCC 48-28-01-02. 
+ Present address: Geophysical Institute, University of Alaska, College, Alaska. 
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whose amplitude and polarity are determined by the misalignment between the 
two inputs. This voltage is then fed back to the local noise source in such a way 
as to alter the noise diode output towards equality with that of the antenna. 
The plate current of the noise diode, which is proportional to the noise power 
supplied by the diode, is then recorded. By this means the effect of drift in the 
receiver characteristics can be largely eliminated. 

Equipment of this type has been in continuous operation at a site near Ottawa 
since March 1957, and at Fort Churchill, Manitoba, close to the auroral zone 
maximum, since June 1957. Both equipments operate on a frequency close to 30 
Mc/s, using dipole arrays having a 60° beam-width between half-power points. 
centred on the zenith. 

In order to determine the absorption present at any time it is necessary first 
to find the undisturbed cosmic noise level, i.e. the signal which would have been 
recorded at that time in the absence of any absorption. This can be done by 
examining the records for several days on either side of the period considered, 
taking into account the shift of sidereal time with respect to solar time of about 
4 min/day. Tabulated values of absorption at a frequency of 2 Mc/s, as recorded 
by ionospheric sounders at Ottawa and Churchill, have also proved extremely useful 
in this connexion. Since the quantity recorded is proportional to the noise power 
supplied by the antenna, the absorption (dB) is given simply by 


A = 10 log (R,/R) 


where F# is the signal actually recorded and R, is the signal normally recorded at 
the same sidereal time. It is estimated that the accuracy of measurement of 
absorption is of the order of +0-1 dB. 

It should be pointed out that the normal daytime D-region absorption, showing 
the familiar cos y diurnal variation, is a fairly small effect at frequencies of the 
order of 30 Mc/s. The work of AppLETON and PiacortT (1954) has shown that at a 
frequency of 4 Me/s this absorption should have a midsummer noon value of about 
20 dB at middle latitudes. Since the amount of non-deviative absorption is 
inversely proportional to the square of the frequency, this would correspond to 
about 0-35 dB at 30 Mc/s. Even if this regular absorption were to increase by a 
factor of three near sunspot maximum, the absorption at 30 Me/s would only 
reach a value of about 1 dB at midsummer noon. Since this absorption is already 
present in the reference level, as found from the comparison records, its effect is 
ignored in the present work. We are concerned here only with departures from this 


regular absorption. 


ABNORMAL ABSORPTION PHENOMENA 


The absorption phenomena observed can be classified into three main types: 

(1) Absorption occurring at the same time as major solar flares. This type of 
absorption has been recognized for many years, since it causes sudden fade-outs 
on short-wave radio links at all points on the sunlit hemisphere of the earth. It 
has long been known as “‘sudden ionospheric disturbance” (SID) from the charac- 
teristically rapid onset of the effect. Occurrence of this type of absorption is easily 
recognizable, and its characteristic appearance on cosmic noise recordings has been 
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fully described by SHain and Mitra (1954). It is, of course, confined to daylight 
hours, being caused by enhanced short wavelength solar radiation associated with 
the flare, and its duration is usually less than 1 hr after the start of the visible 
flare. An example of this effect is shown in Fig. l(a), the absorption in this case 
being preceded by an outburst of solar radio noise. SID phenomena are seen on 
the recordings at both Ottawa and Churchill, the magnitude of the absorption 
usually being less at the latter station due to the increased solar zenith angle. 

(2) The second type of abnormal absorption phenomenon is for the most part 
a night-time effect, and its occurrence is very closely correlated with that of visible 
aurora and local geomagnetic disturbance. The cosmic noise recordings of this type 
of absorption have a characteristically irregular appearance. Although a period of 
absorption may last several hours, individual peaks often have durations of only 
a few minutes, and rates of onset and disappearance of absorption may be as high 
as 2-3 dB/min. This type of absorption is observed at both Ottawa and Churchill, 
the frequency of occurrence being greater at Churchill as would be expected from 
its location in a zone of greater auroral frequency. No detailed correlation studies 
of occurrence at the two stations have been carried out, but it is fairly evident that, 
while there is a definite correlation on a daily basis between occurrences at the 
two stations, no detailed hourly correlation between the magnitudes of the absorp- 
tion exists. In general, when this type of absorption (referred to hereafter as 
“auroral”? absorption) occurs at Churchill it does not necessarily occur at Ottawa, 
but occurrence at Ottawa always seems to be accompanied by occurrence at 
Churchill. The magnitude of the absorption can be as high as 8-10 dB, though 
only for short periods, and cases have occurred in which the absorption was much 
more intense and prolonged at Ottawa than at Churchill during a given night. 

The occurrence of absorption associated with aurora at College, Alaska, has 
been discussed extensively by HEPPNER ef al. (1952) and LirrLe and LrerInBacu 
(1958). These authors find the absorption to be strongly correlated in time with 
the more active forms of visible aurora rather than with steady ares and glows. This 
observation appears to be borne out by our own records, though no detailed study 
has been carried out. 

An example of auroral absorption, taken from the Ottawa recordings, is shown 
in Fig. 1(b). 

(3) The third type of abnormal absorption phenomenon differs from the others 
in being apparently confined to northern latitudes. The cosmic noise recordings 
of this type of absorption are much more uniform in appearance than the recordings 
of the auroral absorption described above, and magnitude of the absorption is 
much greater during the day than during the night. This type of absorption has 
appeared almost exclusively on the Churchill records, no clearly defined cases 
having so far appeared at Ottawa. It appears to be closely connected with great 
solar activity, and is very similar to the absorption described by BatLey (1957), 
which occurred at northern latitudes following the great solar flare of 23 February 
1956. The effects which will be described in the following section, while they are 
rather smaller in magnitude than those described by BaILey, are thought to be 
due to the same mechanism, and they seem to suggest that such events are more 


frequent than has been suspected. 
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An example showing the increase in this type of absorption at about the time 
of sunrise is shown in Fig. 1(c). 

On a number of occasions all three types of absorption phenomenon have been 
observed on the VHF scatter circuits operated by this establishment in western and 
north-western Canada. Some of these circuits have been in operation for a consider- 
able period. The earlier ones were set up to study the propagation of VHF signals 
from ionized meteor trails, and the later ones have been used for the investigation of 
auroral ionization. Table 1 gives the relevant characteristics of these experimental 


Table 1. VHF scatter-circuit characteristics 





| : 
| Transmitt Mid-path 
Path Length Frequency | Sagenentce mite 


(transmitter to receiver) (km) | (Me/s) 


Power geomagnetic 
co-ordinates 





| Lat.(N) Long.(W) 

Yellowknife, N.W.T. 

to Baker Lake 49-99 | | : 58 
Yellowknife, N.W.T. | | 

to Churchill 1120 49-99 
Yellowknife, N.W.T. 

to The Pas 1180 49-99 
Yellowknife, N.W.T. 

to Saskatoon 1200 | 49-99 
Yellowknife, N.W.T. | 

to Sulphur Mountain 1200 | 49-99 
Churchill to Winnipeg 1000 39-23 
Suffield to Winnipeg 1000 39-21 
Greenwood, N.S. to Ottawa 860 39-22 





circuits. Medium-power transmitters were used to radiate an unmodulated signal 
which was interrupted at regular intervals for identification. Five-element yagi 
antennae were used at all the stations, sited at heights to illuminate the mid-path 
regions at approximately the 100 km level. The exception was Yellowknife where 
double-stacked square loop antennae were required to provide the necessary 
coverage. Conventional equipment was employed at the receiving stations where 
the amplitude of the VHF signals was recorded on moving-chart recorders with a 
frequency response of 2 c/s. Path lengths averaged about 1000 km. 

Most of the signals propagated over these paths are forward-scattered from 
ionized meteor columns, but other modes of propagation are often dominant. 
These might be described generally as scattering modes caused by increased 
ionization at H-region heights or less. These scatter signals have been the subject 
of a recent extensive study by CoLiins and Forsytu (1958) and, while such signals 
do produce some contamination of the meteor signal records, they do not affect 
the interpretation of the records for the absorption phenomena. Fig. 2(a) shows 
a sample of the amplitude recording made at Winnipeg of the 39 Mc/s transmission 
from Churchill when propagation conditions were normal. The spiky appearance 
of the record is caused by the reflections from individual meteor trails. Fig. 2(b) 
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Fig. 1. Examples of abnormal absorption events. In each case the time scale is Universal 
Time (UT) and the thin line represents the cosmic noise signal in the absence of absorption. 
(a) Sudden ionospheric disturbance (SID) associated with a solar flare; (b) auroral absorp- 
tion; (c) high-latitude absorption following a solar flare. Ground sunrise is at about 


1300 hours. 
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Fig. 2. Typical VHF forward-scatter recordings. (a) Normal conditions; 
(b) strong daytime absorption. 
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shows a second recording made at Winnipeg some days later when intense absorp- 
tion has caused appreciable attenuation of the meteor signals. In analysing the 
records no attempt was made to derive a continuous average signal level. The 
record for those days when absorption was believed to be present was compared 
to the record made on a day when propagation conditions were normal. From the 
general attenuation of the meteor signals the absorption was considered to be 
slight, if the effect was just barely apparent; moderate, if the general level had 
decreased about half; strong, if the signals were almost completely attenuated. 

The effect of absorption at the frequencies used on these paths was first dealt 
with by VoGan and CAMPBELL (1957) who showed the effect of small values of 
absorption on the diurnal variation of meteor signals. ForsyTrH and VoGAn (1957), 
in discussing the frequency dependence of VHF signals propagated by auroral 
ionization between Greenwood and Ottawa, estimated the intensity of the effect 
and the height of the absorbing region, but all the events occurred during the 
early morning hours and almost certainly refer to what has been described earlier 
in this paper as auroral absorption. If the absorption takes place in an extensive 
layer, the amount of absorption detected on these scatter circuits will in general 
exceed that measured by the cosmic noise equipment since the transmission 
follows an oblique path and passes twice through the absorbing region. It is 
related to the absorption measured at vertical incidence at the same frequency by 
a factor equal to twice the secant of the angle of incidence. For a 1000 km path 
this is a factor of 8 or 9. Interpretation of the absorption events on the VHF 
scatter circuits was considered to be consistent with the cosmic noise results 
obtained at Churchill and Ottawa, and the scatter circuit data was examined with 
a view to obtaining some measure of the frequency of occurrence and the geo- 
graphical extent of the third type of absorption phenomenon. 

Two specific events in which this third type of absorption appeared to show 
some kind of systematic behaviour will now be examined. In Fig. 3 the 30 Me/s 
cosmic noise absorption measured at Churchill is plotted as a function of time for 
the 3 day period 3-5 July 1957. The shaded strips in the centre of the diagram 
indicate night-time at ground level and at a height of 50 km. At this time of year 
in Churchill (latitude 58-8°N) the highest level in the atmosphere at which sunset 
occurs is about 50 km and the whole ionosphere is in perpetual sunshine. In the 
upper part of the diagram is a histogram of the 3 hr planetary K-indices for the 
same period. While these indices give a good measure of world-wide geomagnetic 
activity their interpretation for events at a specific location is open to some doubt, 
and here they have been taken as giving merely a rough measure of the geomagnetic 
activity at Churchill. Examination of magnetometer recordings from Churchill 
have since confirmed that, in this case at least, the planetary K-indices do give a 
reliable indication of local events. 

The times shown in the diagram are all universal time (UT), which is 6 hr 
ahead of local standard time at Churchill. The individual points on the absorption 
curve are plotted at 15 min intervals. 

During the early hours of 3 July magnetic activity was at a high level and 
small amounts of absorption were present. By 0730 this absorption had largely 
died out. At 0715 and 0800 (shown by arrows on the diagram) two solar flares of 
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importance 3 occurred, both associated with an active region in the north-west 
quadrant of the sun. The cosmic noise absorption started to increase at about the 
time of the second flare (45 min after the first), and shortly before ground sunrise 
the rate of increase became much greater. Superposed on this steady increase 
were short periods of irregular enhanced absorption, apparently associated with 
an increase of magnetic activity. This increased absorption is thought to be of 
type 2 (auroral) and its occurrence in daytime is unusual. 
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Fig. 3. Cosmic noise absorption (30 Mc/s) observed at Churchill, 3-5 July 1957. 





The steady absorption appeared to reach a maximum value of 7 dB at about 
2230 (1630 LT) then started to decrease rapidly, reaching one-tenth of its peak 
value by about local midnight. This rapid decrease seems rather difficult to 
understand in view of the fact that sunset did not occur at atmospheric levels 
which are generally thought to be responsible for VHF absorption. During the 
latter part of the day geomagnetic activity was at a low level. 

The absorption remained at about 0-7 dB for approximately 1 hr, then started 
to inerease again. This time the maximum value (4:5 dB) was reached at about 
1230 (0630 LT), and throughout the day the absorption decreased steadily, the rate 
of decrease being accelerated during the evening. 

At about 0430 on 5 July, auroral absorption appeared, which was associated 
with a large increase in magnetic activity. Absorption during the daytime on 
5 July was quite low, and by evening the cosmic noise signal had almost reached 
its undisturbed level. 

Fig. 4 shows the course of events at Ottawa during 3-5 July. The planetary 
kK -indices are again plotted at the top of the diagram, and the shaded bars indicate 
night-time at ground level and at heights of 50 km and 100 km respectively. 
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It can be seen that the absorption at Ottawa showed no regular diurnal varia- 
tion like that observed at Churchill; in fact, the absorption appears to follow 
quite closely the trend of geomagnetic activity as shown by the planetary K-indices. 
It is interesting to note that during the night of 4-5 July greater absorption was 
experienced at Ottawa than at Churchill, coincident with fairly intense world- 
wide geomagnetic disturbances (K, = 7+). 

The effects of this phenomenon were also observed in the signal-amplitude 
recordings made at all five stations which monitor the VHF transmissions from 
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Fig. 4. Cosmic noise absorption (30 Mc/s) observed at Ottawa, 3-5 July 1957. 


Yellowknife. The data from these circuits, since they showed a sequence of events 
in complete agreement with those deduced from the cosmic noise data, give some 
indication of the geographical extent of the disturbance. There was no indication 
on any of the records of the solar flares at 0715 and 0800. By 1045 there was slight 
absorption on the Baker Lake circuit, and a little later it was apparent on the 
Churchill, The Pas and the Saskatoon circuits. At about the same time, the low- 
level scatter signal, which is often propagated over these paths, was considerably 
enhanced. The occurrence of this scatter signal, which may be associated with the 
absorption phenomenon, is the “‘S-event’’ described by CotLins and ForsytTH 
(1958). With sunrise over the mid-path regions the absorption increased to about 
20 dB. This is a conservative estimate but it is in reasonable agreement with the 
cosmic noise measurements made at Churchill. The strong absorption continued 
over the four paths until about sunset. On the Sulphur Mountain circuit, where 
the mid-path region is 700 km from the zone of maximum auroral occurrence, 
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similar effects were observed, but both the enhancement and the absorption were 
weaker than on the other circuits. During the night of 4 July there seemed to be 
slight absorption on the Baker Lake, Churchill and The Pas circuits. There was 
also considerable enhancement of the low-level scatter signal on the Churchill 
circuit and somewhat less of this signal on the other two paths. The two most 
southerly circuits, Saskatoon and Sulphur Mountain, appeared to have returned 
to normal. On 4 July, for the daylight hours before noon, slight absorption was 
again observed on the three paths closest to the auroral zone. Throughout the day 
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Fig. 5. Cosmic noise absorption (30 Mc/s) observed at Churchill, 20-24 October 1957. 


this absorption gradually decreased while the scatter signal was at times enhanced. 
The Sulphur Mountain and Saskatoon circuits were normal. These effects lasted 
longest on the Churchill path, and there was still some absorption on the night of 
4 July. At about 0415 on 5 July, a large signal enhancement occurred on all the 
records, of a type which Coins and ForsyrH have associated with increased 
auroral ionization. This seemed to mark the end of the absorption phenomenon 
on the scatter circuits. Although the meteor trails which propagate signals over 
these paths may be formed over a very wide area, most of the VHF signals are 
scattered from trails which are formed in some broadly defined region above the 
middle of the path. The data from the five circuits suggests that on the first day 
of the disturbance the absorption was effective at least 250 km north and 700 km 
south of the zone of maximum auroral occurrence, and on the second day, although 
the effects were considerably smaller, the absorbing region still extended 250 km 
either side of the zone. There was no indication at any time that the phenomenon 
had extended as far south as the Greenwood—Ottawa path. 

A second example of the same phenomenon is shown in Fig. 5. Here, absorption 
values at Churchill are plotted at 15 min intervals for the period 20-24 October 
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1957. Once again planetary K-indices and periods of day and night at ground 
level and at heights of 50 km and 100 km are plotted on the same diagram. 

Shortly after 1630 UT on October 20th, a solar flare of importance 3+ occurred 
in the south-west quadrant of the sun. The arrow indicates the start of the visual 
flare, and the absorption accompanying the flare (sudden ionospheric disturbance) 
is clearly seen at the left of the diagram. The sequence of events during the three 
succeeding days is seen to be similar to that of 3-5 July, but with some important 
differences in detail as described below. 

The SID effect in its normal form had disappeared by about 1800 on 20 October 
but seemed to be followed by a period of continuous diminishing absorption of quite 
small magnitude, disappearing at about the time of sunset in the lower ionosphere. 
This effect is unusual, but may have been due to continued emission of the short 
wavelength radiation responsible for the SID. 

The daytime absorption on 21 October, starting at about the time of 50 km 
sunrise, showed two maxima approximately equal in size and symmetrically 
placed about local noon (1800 UT). The night-time absorption on 21—22 October 
showed a steady decrease in intensity and the daytime absorption on 22 October 
was again roughly symmetrical about local noon. The low intensity daytime 
absorption on the 23 October also appeared to be symmetrical about noon. 

In this case the level of world-wide geomagnetic disturbance was moderately 
high throughout the whole period but there appears to be very little detailed 
correlation between absorption and K,. 

The only unusual feature of the Ottawa recordings during this period was the 
occurrence of auroral absorption during the evening of 21 October coinciding with 
an active auroral display of short duration at Ottawa. 

The effects of this second phenomenon on the 49 Me/s transmission from 
Yellowknife were similar to those observed for the July event. There were however, 
a few different features and the effects were neither so intense, nor so extensive. 
The occurrence of the flare at 1635 on the 20th was shown by a short signal 
enhancement at Churchill, The Pas and Sulphur Mountain, which was probably 
due to an outburst of solar noise. This was followed about 10 min later by a short 
period of strong absorption, characteristic of the SID phenomenon. A high level 
of local interference masked the effect at Saskatoon but there is no apparent 
reason for it failing to be detected at Baker Lake. The period on 20 October 
following the outburst appears to have been normal on all circuits; the slight 
absorption measured by the cosmic noise equipment was too weak to affect any 
of the paths. At sunrise strong absorption was observed on all circuits. This 
condition lasted until approximately sunset when normal night-time conditions 
were restored. The strongest absorption, estimated at approximately 15 dB, was 
observed on the Baker Lake, Churchill and The Pas circuits, and a weak scatter 
signal was recorded late in the day at Baker Lake. At Saskatoon the absorption 
reached approximately 10 dB, while on the Sulphur Mountain circuit the effect 
was weaker and did not last until sunset. On 22 October slight absorption could 
be detected on the Churchill and on The Pas circuits, but.the other paths appeared 
normal. The absorption measured on 23 October by the cosmic noise equipment 
was again too weak to be observed on any of the scatter circuits. 
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The data obtained from a year’s operation of two other scatter circuits, 
Churchill-Winnipeg and Suffield—-Winnipeg, were examined to obtain some indi- 
cation of the frequency of occurrence of this type of absorption phenomenon. 
The circuits were operated from July 1956 to June 1957. The operating frequency 
was 39 Mc/s. These data also provide some further information about the extent 
of the absorbing region, since the mid-path region for the former circuit is about 
500 km from the zone of maximum auroral occurrence, while the mid-path region 
of the latter is 1000 km from this zone. No attempt was made to scale average 
signal amplitudes. A selection was made of those daytime periods which showed 
an attenuation of the meteor signals of the order of 20 dB, starting around sunrise 
and decreasing about sunset. Examination of the Churchill-Winnipeg recordings 
showed that there were five 2 day periods of absorption similar to those already 
discussed. On five other days slightly less absorption was observed which did not 
recur, or which recurred for only a few hours on the following day. Most of these 
absorption events were preceded by considerable solar activity. Four of the 2 day 
events and one of the 1 day events were preceded by solar flares of importance 3. 
Of the remainder, another 1 day event could be associated with a solar flare of 
importance 2. The Suffield-Winnipeg data showed that only one of the 2 day 


ms 


events from the Churchill path had extended as far south as the Suffield path. 


DIscUSSION 


Perhaps the most important feature emerging from a study of these unusual 
absorption effects is the distinction between the two types of absorption pheno- 


mena, described above respectively as type 2 (auroral) and type 3 (high-latitude) 
absorption. The features of these two classes may be summarized as follows: 

Type 2. This appears at both Ottawa and Churchill and is strongly correlated 
with the occurrence of active forms of visible aurora. This type of absorption is 
observed more frequently at Churchill than at Ottawa and while its occurrence at 
Ottawa during a given period is usually accompanied by occurrence at Churchill, 
the reverse is not generally true. This absorption is predominantly a night-time 
phenomenon, though it is occasionally observed during daylight hours. The 
absorption record presents a characteristically irregular appearance and may show 
onsets and disappearances which often coincide closely in time with local magnetic 
fluctuations of the bay type. It may be mentioned that WELLS (1947) has described 
a close correlation between individual night-time absorption events and magnetic 
bays at College, Alaska. 

The association between radio-wave absorption and visible aurora, though by 
no means new, has recently received considerable support from the results of 
forward-scatter, or “‘bistatic’’ experiments (see ForsyTH and VOGAN 1957; COLLINS 
and ForsytH, 1958), and its existence now appears to be well established. There 
is still some doubt, however, as to the height at which the absorption occurs, and 
its degree of localization. This latter factor may be important in providing an 
explanation for the lack of radar reflections from aurora at high angles of elevation 
as suggested by CuRRIE et al. (1953). These two factors will be discussed later. 

Type 3. This class of absorption phenomenon has not appeared in the Ottawa 
records to date with appreciable intensity, but seems to be confined to high 
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latitudes, though its geographical extent may be quite large within these latitudes, 
as shown by the VHF forward-scatter evidence. It appears to set in within a few 
hours of the onset of a major solar flare and usually persists for 2-3 days, gradually 
declining during this period and exhibiting strong solar control in a similar fashion 
to the normal D-region variation. This absorption shows little. if any, detailed 
correlation with geomagnetic activity and is predominantly a daytime pheno- 
menon, in contrast to type 2 absorption. 

CHAPMAN and LITTLE (1957) have suggested a mechanism to explain the 
occurrence of abnormal VHF absorption in the auroral zone. The primary cause 
of the absorption is thought to be an increase in ionization in the lower ionosphere 
due to bombardment by electrons of solar origin and their associated Bremsstrah- 
lung radiation. The electron bombardment is greater during the night, leading to 
greater geomagnetic disturbance, but at the same time free electrons will quickly 
become attached to neutral molecules, forming negative ions which will not pro- 
duce radio wave absorption. During the day the decreased electron bombardment 
is more than offset by photo-detachment of electrons from negative ions by 
the action of long-wavelength solar radiation. The negative ion hypothesis is 
very attractive as regards an explanation of the strong solar control exhibited by 
type 3 absorption, but at the same time the great excess of night-time over daytime 
electron flux required to explain the night-time geomagnetic disturbances seems 
rather difficult to understand. The theory of electron bombardment does receive 
considerable support from the discovery of soft radiation at heights down to 50 km 
in the auroral zone as a result of rocket experiments carried out by MEREDITH 
et al. (1955). This soft radiation was attributed to Bremsstrahlung generated by 
electrons of energies between 10-100 keV bombarding higher regions of the 
ionosphere. 

It is suggested here that some mechanism of this kind is the most likely explana- 
tion of the type 3 absorption, and would account for the difference between the 
daytime and night-time absorption as seen for instance at Churchill on 3—4 July 
(Fig. 3), when there is no appreciable change between day and night magnetic 
activity, and possibly also on 20-22 October (Fig. 5). However, it is thought 
that some other mechanism should be invoked to explain the absorption of type 2 
in order to account satisfactorily for its different characteristics. This point of 
view receives some justification from the fact that occasionally type 2 absorption 
has been observed during daytime superimposed on a steady background of type 3 
absorption. An example of this is shown in Fig. 6, and serves to demonstrate 
that the two types of absorption are certainly not mutually exclusive, from which 
we can conclude that the characteristic appearance of type 2 absorption is not due 
to the existence of night-time conditions in the ionosphere. A different mechanism 
to account for type 2 absorption will be described in the following section. 


Type 2 (auroral) absorption 
The absorption suffered by a radio wave in passing through an ionized medium 
can be characterized by the relation 


I = I, exp (—ks) 
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where J is the power received, J, is the power incident on the top of the region 
responsible for the absorption, s is the distance travelled through the region and 
k is the absorption index. The product ks is thus seen to be proportional to the 
absorption suffered by the radio wave measured in decibels. 
In practice, k in the ionosphere varies from point to point and the quantity 
deduced from absorption measurements is fk ds along the path of the radio wave. 
The factor k has been derived from magneto-ionic theory in terms of the 
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Fig. 6. Example of type 2 (auroral) absorption, superposed on type 3 absorption. The thin 
line re presents the normal cosmic noise signal level. 

refractive index of the medium, y, the electron density, N, the electron collisional 
frequency, v, the radio wave angular frequency, w, and the angular gyrofrequency 
about the longitudinal component of the geomagnetic field, w,, according to the 
equation Qne2 1 Ny 


83 me wy + (w + o,)? 
Here, e, m and c, are respectively the charge and mass of the electron and the 
velocity of light, and the positive and negative signs refer to the ordinary and 
extraordinary modes of propagation respectively. 

In the present case, using a frequency of 30 Mc/s, w, is much smaller than w 
and can be neglected; also, since the operating frequency is well above the critical 
frequency, 1 ~ 1. Hence, approximately, 

_ 2me? e? [ Nvds 
| kds =— : 
y+ @? 


At heights in the ionosphere ae than about 65 km »? < w’, and the 
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absorption (dB) becomes proportional to {Nv ds, i.e. to the product of electron 
density and electron-collisional frequency. At a frequency of 30 Mc/s the measured 
absorption in dB is given by 


D = 0-13 x 10-16 [Nv ds (1) 


where N is measured in em-°, y in sec—! and s in em. 

It is evident that abnormal absorption can be produced either by an increase 
in electron density in a region of fairly high collisional frequency, or by an increase 
in the electron collisional frequency itself. The first alternative is the one which 
is normally considered, but objections can be raised to this as an explanation of 
the irregular auroral absorption. The generally accepted time-delay between the 
occurrence of a solar flare and the appearance of auroral and magnetic effects on 
the earth is of the order of 1-2 days. Unless some very strong local acceleration 
mechanism is postulated it is difficult to see how particles of these velocities can 
penetrate much lower than about 120 km. In actual fact most visible auroral 
forms have a lower border at about 100 km, so that some form of local acceleration 
must take place, but even allowing for this it is difficult to see how these auroral 
particles can penetrate into the lowest ionosphere where a reasonable increase in 
ionization density would account for the large amounts of absorption observed. 
It would be very desirable if the ionization responsible for the absorption could be 
located at the same level as the visible aurora itself, i.e. at a height of the order of 
100 km, but it is not immediately evident how this can come about. If the absorp- 
tion is taken as being due to a layer 10 km thick at the 100 km level, and if the 
value of collisional frequency at 100 km is taken to be that given by NIcoLet (1953), 
then the electron density required to give 5 dB absorption at 30 Me/s is about 
2-5 x 108 electrons per cm’. This figure exceeds by a factor of 250 the normal 
midnight value of H-region electron density, and by a factor of five the maximum 
electron density found by vertical incidence sounding during auroral displays at 
College as reported by CHAPMAN and LirTLe (1957). (It should be pointed out in 
this connexion that neither the vertical incidence sounding nor the absorption 
measurements would reveal the existence of localized patches of much higher 
electron density, and the figures quoted above all refer to average values over a 
large area of the ionosphere.) If the possibility of penetration to lower depths is 
accepted however, much smaller electron densities are tolerable, due to the higher 
collisional frequency. CHAPMAN and LirTLe (1957) have constructed a model 
ionization density distribution which will explain an absorption of 2-5 dB at 
30 Me/s on this hypothesis. 

Another process which must be considered, however, is an increase in collisional 
frequency without any great increase in electron density. This can occur as a 
result of the application of an electric field to an ionized gas, as has been pointed 
out by Barney (1957). Experimental work on this effect has been carried out by 
Crompton, Huxuey and Sutton (1953), and the possible application of their 
results to the disturbed ionosphere is worth consideration. When an electric field 
is applied across an ionized gas the electron temperature increases, leading to more 
rapid electron agitation and greater collisional frequency with the neutral mole- 
cules. The above authors measured k,,, the ratio of electron temperature to neutral 
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molecule temperature, as 2 function of X/p, the ratio of applied electric field to 
gas pressure, and by adopting experimental values of the electron drift velocity 
found by NretseN and BrapBurRy (1937) were able to calculate »/p, the ratio of 
electron collisional frequency to gas pressure, as a function of X/p. Their experi- 
ments were performed in air at 15°C (288°K), and while the temperature dependence 
of the effect is uncertain it is thought that their results will give the correct order 
of magnitude for effects at a temperature of 213°K as at the 100 km level in the 
ionosphere. The dependence of y/p on X/p is shown in Fig. 7; here p is measured 
in mm Hg, vy in sec! and X in V/em. 
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Fig. 7. The variation of electron collisional frequency with applied electric field found by 
CROMPTON et al. (1953). 


Using these results it is possible to calculate the electric field strength necessary 
to produce absorption of 5 dB at 30 Mc/s, assuming reasonable values of electron 
density. If the layer responsible for the absorption is again taken as being 10 km 
in thickness, centred on the 100 km level, and the electron density is taken as 
104 per cm® (a reasonable estimate of the order of magnitude under undisturbed 
conditions), then the necessary collisional frequency is y = 3-8 x 10’ sec~1. Taking 
the Rocket Panel value of pressure at the 100 km level as p = 4:3 x 10-4mm Hg, 
then (v/p) = 8-8 = 101°. This figure is well above the experimentally determined 
range and would require a value of (X/p) much in excess of the maximum value 
shown in Fig. 7. 

If, however, we take the electron density as 5 x 10° per cm3, the value quoted 
by CHapMAN and Lirrie (1957) as the maximum observed by sounding at College 
during auroral displays, the value of (v/p) required becomes 18 x 108, giving 
(X/p) ~ 2, and a value for X of approximately 10-3? V/em. 

It is not too difficult to see how field strengths of this order of magnitude can be 
set up for short periods during particle bombardment of the upper atmosphere. 
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Fawn (1954) has found by laboratory experiments on the excitation of auroral 
spectra that electrons having energies of a few hundred electron volts are necessary 
to explain the intensity of the Meinel System of N; bands as observed in auroral 
spectra. Since electrons of this order of energy cannot penetrate to the levels of 
visual aurora, he suggests that these electrons must be accelerated locally, pre- 
sumably by electric fields set up by the accumulation of incoming charge in localized 
regions or by the charge separation caused by the fact that incoming electrons 
and protons will be stopped at different levels in the ionosphere. In fact the field 
strengths required to explain the Nj band intensities are far in excess of the value 
of X quoted above. The measurements of CromprTon et al. (1953) lead to a value 
of about 70 cm for the mean free path of an electron under the ionospheric con- 
ditions assumed above. Hence, under a field X = 10-3 V/em an electron would 
acquire an average energy of 0-06 eV between collisions, whereas FAn’s results 
require energies of several hundred electron volts. However, since the mean free 
path increases rapidly with height in the ionosphere, it may be that electric fields 
only an order of magnitude larger than that quoted above will produce the required 
electron energy in, say, the 120 km region. 

Such fields, of course, will be rapidly neutralized by movements of the neigh- 
bouring ionization once the primary bombardment ceases or changes its position. 
The extremely irregular form of the auroral absorption then implies an irregular 
or patchy pattern of bombardment. The same argument applies if the agency 
responsible for the absorption is taken as an increase in electron density, the cause 
of the removal of free electrons being now recombination and attachment, which 
can also happen with a time constant of a few seconds. 

If the absorption is considered as being due to a combination of increased 
electron density and increased collisional frequency, the patchiness of bombard- 
ment which must be inferred from the irregular nature of the absorption is less than 
if an increase in N is the only factor. Any change in the bombarding flux will 
probably change both N and y in the same direction, leading to a greater change 
in absorption than if NV alone were changed. 

To summarize, then, the possibility that local electric fields leading to increases 
in electron temperature may account for a large part of the observed absorption 
of type 2 has two main advantages over the earlier theory: (a) the effect can occur 
at heights of 100 km or even more without invoking enormous electron densities; 
(b) a more uniform bombardment pattern is permissible in accounting for the 
irregular appearance of the absorption. This appears to be a desirable feature. 


Type 3 (high-latitude) absorption 
An explanation of type 3 absorption must take account of several remarkable 


features: 
(1) The apparent lack of correlation between the occurrence of this absorption 


and geomagnetic activity ; 
(2) The fact that the absorption sets in within a few hours of the onset of major 


solar flares, and has a total duration of 2-3 days; 
(3) The large diurnal variation of the intensity of absorption, the ratio between 


daytime and night-time absorption being of the order of 10 to 1; 
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(4) The fact that the absorption appears to be more strictly controlled in 
latitude than the auroral absorption described above. 

This last feature forces us to the conclusion that the primary cause of the 
absorption is corpuscular radiation of some kind, and that it is more strongly 
influenced by the geomagnetic field than the agency responsible for type 2 absorp- 
tion. CHAPMAN and LirrLe (1957) and BatLey (1957) have both described absorp- 
tion phenomena of a very similar type occurring at high latitudes, and have offered 
explanations. CHAPMAN and LirtLe postulate a continuous bombardment of the 
upper atmosphere by electrons of energies between 10-100 keV, the diurnal 
variation of absorption being due to greater attachment of free electrons by night 
to form negative ions. Considerable evidence to support this view comes from the 
rocket experiments of MrREpITH et al. (1955), who discovered the existence of 
soft radiation at heights above 50 km in the auroral zone. This was interpreted 
as being Bremsstrahlung radiation caused by the impact at higher levels of electrons 
having energies between 10-100 keV. 

BarLey, on the other hand, suggests that the primary cause of the absorption 
is the arrival, within a few hours of the solar flare, of a large number of solar ions 
having low electron affinity, which will penetrate to low levels in the ionosphere 
and will then recombine very slowly, perhaps over a period of days. The large 
difference between day and night absorption is again taken to be due to negative 
ion formation at night. This theory has many attractive features, but it is open 
to certain objections which will not be enumerated here. 

There is a certain amount of evidence about the height of the region responsible 
for this absorption which must also be taken into consideration in any theory. The 
attenuation of the meteor signals on the VHF forward-scatter circuits suggests 
that the absorbing region lies below the height at which meteor trails are formed. 
This height is a function of the geocentric velocity of the meteoric particle which 
in turn varies with the time of day. It is least in the afternoon when it reaches a 
minimum value of about 90 km. A second piece of evidence has come from the 
preliminary results of a rocket firing at Churchill, as reported by SEDDON (1957, 
1958). This firing took place during daytime on 4 July 1957, while one of the events 
described above was in progress. The rocket data showed the presence of abnor- 
mally high electron densities throughout the lower ionosphere, extending as low 
as the 55 km level. The conclusion that this type of absorption is caused by 
increased ionization at very low levels in the ionosphere is further strengthened 
by the recent report by LANDMARK (1958) of weak echoes from the 65-70 km 
height range during daytime polar blackouts in central Norway. 

It is thought that the best explanation of this type of absorption will ultimately 
be found to lie in a mechanism of the Chapman-—Little form. The absorption is 
probably due to the increased ionization produced by solar particle bombardment, 
and the strong diurnal variation is thought to be caused by night-time negative 
ion formation. The nature and velocity of the bombarding particles, however, are 
by no means clear. The suggestion of CHapMAN and LirTtLe that the particles 
are electrons of energies between 10-100 keV has the considerable merit of being 
based upon experimental results, but certain objections to it can be raised. The 
major objection appears to lie in the latitude extent of the absorption events. 
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The Stormer theory of charged particles moving in the field of a magnetic dipole 
shows that an electron reaching as far south as Churchill, at geomagnetic latitude 
70°, must possess an energy many times greater than the value of 100 keV quoted 
above. If, on the other hand, the earth’s magnetic field is being distorted by, say, 
a ring-current, so that lower energy particles can reach this latitude, we might 
expect to see some evidence for the formation of this ring-current in a geomagnetic 
disturbance on the ground. As pointed out above, no such evidence seems to 
exist. These facts would appear to indicate that the electrons whose existence 
was inferred from the rocket experiments are, in fact, secondary in nature. On the 
other hand it may be worth pointing out that protons having sufficient energy to 
reach the 55 km level will travel from the sun to the earth in approximately 
40 min, and according to the simple Stormer theory will be able to reach geomag- 
netic latitudes as far south as 70° (see BatLey, 1957). In order to explain the 
observations on this basis, we must have a continuous but gradually decaying 
emission of protons following certain solar flares, the total period of emission lasting 
2-3 days. The best explanation of the diurnal effect is probably that of negative 
ion formation, put forward by CHapMAN and LirtT Le. 

In order to explain the lack of geomagnetic activity associated with the incom- 
ing protons, the density of the incident proton beam must be low. A rough estimate 
of this density can be obtained as follows. 

Assuming for simplicity that the incoming protons are sufficiently mono- 
energetic to be deposited in a layer of 1 km thickness at a height of, say, 65 km, 
and taking a value of 7 dB as the maximum absorption observed, we have sufficient 
information to obtain an estimate of the proton density in interplanetary space. 
Using equation (1) and taking NicoLet’s (1953) value for v at 65 km as 3-3 x 107 
sec—!, the required electron density is about 1-6 10° per em?. 

It can easily be shown that if the rate of production of electrons in an ionized 
region is Y and the recombination coefficient is «, then the electron density when 
equilibrium is reached will be (Q/«)*. Hence Q = «N?, and assuming a tentative 
value of 10-8 cm® sec! for « (see CHAPMAN and LirtiLE, 1957) the rate of ion 
production is Q = 260 em-* sec—!; the rate of ion production in the column of 
1 km length and 1 em? cross-section is then 2-6 « 107 sec}. 

Protons which penetrate to the 65 km level have an initial energy of about 
107 eV, and since approximately 30 eV are required for the production of an ion 
pair each proton will produce approximately 3 x 10° ion pairs. The rate of 
incidence of protons on the top of the layer is then about 90 em~? sect. Since the 
velocity of the protons is about 0-4 x 101° cm/sec the density of protons in the 
incident stream is of the order of 2 x 10-§ em~*. This figure is many orders of 
magnitude below the densities quoted by CHAPMAN (1950) as giving rise to a 
moderate magnetic storm, and would explain the lack of any geomagnetic activity 
associated with the incoming particles leaving the sun for a period of days after a 
major solar flare. 

CONCLUSIONS 

A distinction has been drawn between three classes of abnormal VHF absorption 
phenomena as observed on cosmic noise recordings. The first type, the well-known 
SID effect, has not been discussed in any detail. The second appears to be closely 
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associated with the occurrence of visible aurora and geomagnetic disturbance, and 
an explanation has been offered in terms of an increase in electron temperature at 
E-region heights caused by local electric fields. The chief advantage in this 
explanation lies in the fact that it enables the source of the absorption to be located 
at heights close to those at which visible aurora is most frequently found, without 
having to invoke enormous electron densities. Evidence in support of this theory 
can come from rocket measurements of electron density at times when auroral 
absorption is present. If the measured density is not high enough to explain the 
measured absorption then some mechanism, such as that outlined above, must be 
causing an increase in effective collisional frequency. 

The third type of absorption phenomenon seems to be strongly correlated with 
the occurrence of major solar flares, and rocket measurements appear to give 
definite evidence that the direct cause of the absorption is excess ionization at 
very low levels in the ionosphere. A possible explanation of this ionization has 
been suggested in terms of an incoming proton stream, though many factors have 
been ignored in this suggestion. Not too much can be expected from rocket 
experiments in the way of identifying the primary particles, since their number is 
very small in comparison with the number of ions they produce (in the calculation 
above each proton produces 3 x 10° ion pairs). In this connexion spectroscopic 
evidence from measurement of the night-sky radiation during periods of strong 
absorption of this type might prove extremely valuable. 
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Abstract—Ray paths are computed for waves refracted by meteor trails having a Gaussian radial distri- 
bution of ionization density. From the spreading of initially parallel rays as they pass through the trail, a 
measure of reflected signal intensity vs. scattering angle is obtained; the results are presented in polar 
scattering diagrams, valid in the limit of large trail size. Equivalence theorems are derived relating both 
intensity and scattering angle for rays incident upon the trail at an arbitrary angle to the intensity and 
scattering angle for rays incident in the plane normal to the trail. Curves are presented showing the 
dependence of echo duration on forward-scatter-angle with trail orientation as parameter; it is found that 
the sec? ¢ law developed for under-dense trails applies to over-dense trails only if the plane of propagation 
contains the trail axis. If not, the effective secant exponent may be as small as 0-3. The theory is com- 
pared with McKintrey and McNamara’s duration measurements. It is found that although the general 
agreement is satisfactory, the details of their experimental results depend on the way that winds change 
the trail orientation. The ray theory is also compared with KeErret’s wave theory sclution. Unfor- 
tunately, he could not get wave solutions for dense trails of age greater than 0-357 per cent of the mini- 
mum echo duration. Even so, the ray solutions agree with KErrEv’s results for scatter angles up to 155°, 
thus including all angles available to ground-based stations. 


1. INTRODUCTION 
Ix recent years, a great deal of interest has centered upon the use of meteors to 
propagate sky wave signals over distances of one-thousand or more kilometers. It 


was shown by EsHteman and Manninea (1954) that for under-dense meteor 
trails—those having fewer than 1014 electrons/m of trail length—echo duration 
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Fig. 1. The geometry of oblique meteor reflection. 
g = : 1 


should vary with the forward scatter angle ¢ as the secant squared. Fig. 1 illustrates 
the geometry. 

In the over-dense case, however, there is no adequate theory. Hines and 
ForsytH have deduced a secant-square duration law for oblique reflection from 
over-dense trails by neglecting the effect of the ionization beyond the critical 
density radius (Hives and ForsytH, 1957). However, in a previous paper 
(MANNING, 1953) the present author had already shown that the error of this neglect 
may approach 100 per cent for back-scatter as the echo duration is reached. Since 
interest in the oblique case is greatest when the duration exceeds that possible for 
back reflection, severe error may be anticipated from neglecting the ionization 
beyond the “reflecting radius”. Indeed, as time advances, a larger and larger 
fraction of the ionization will have diffused beyond the reflecting radius, so that 


* Jointly supported by the U.S. Army Signal Corps, U.S. Air Force, and the U.S. Navy (Office of 
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refraction becomes dominant in fixing the scattering pattern. That important 
deviation from a secant-square law occurs for over-dense trails has been shown 
experimentally by McKinLtey and McNamara (1956). In the present paper 
the properties of such oblique echoes will be computed using the ray-path method. 
Precise answers can only be expected in the limiting case of large trails, but the 
approach shares this limitation with all other meteoric echo theories—none exist 
that can in practice treat more than a limited range of size or density. 


2. RAY-PATHS IN OVER-DENSE METEOR TRAILS 


Athough the method of approach to be used is quite general, we shall restrict 
our discussion to a Gaussian radial distribution of ionization in the meteor trail. 


Fig. 2. The co-ordinates of a ray path. 


This distribution is perhaps as close to the true distribution as we can now get. 
uJ 
So let 


sy Bes exp (—r?/4 Dt) (1) 


4a 


where N is the electron volume density, Q the electron line density, D the coefficient 
of diffusion, r the radial co-ordinate and ¢ is time. We may then express the 
dielectric constant w? = 1 — 81N/f? of trail as 


pw? = 1 — 1/[y exp (r?/ay)] (2) 


where yu is the refractive index, y = t/t, is the time ¢ divided by the back-scatter 
duration t, (at which time w = 0 at r = 0), and a? = 4Dt, is the square of the 
“trail radius” at the back-scatter duration. The value of ¢, is given by 


t, = 81Q/4n Df? (3) 


where f is the radiofrequency and rationalized M.K.S. units are assumed. 

When a ray enters the ionized region about the trail axis, it is bent in two 
directions. Referring to Fig. 2, let PQ be a differential element of such a ray path. 
The refractive index at P is determined by the distance r of the ray from the trail 
axis. The direction of travel of the ray may be described by the two angles, y and é. 
The first angle, y, is that between the plane containing P and the trail axis (plane 1), 
and the plane containing PQ and an element parallel to the trail axis (plane 2). 
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The second angle, £, is measured between PQ and a plane perpendicular to the 
), 


trail axis. If y = 0, the ray path is in the axial plane, and is governed by Snell’s 
law, w sin € = constant. If & = 0, the ray path is in a plane perpendicular to the 
trail axis, and is governed by Bouger’s rule, ur sin y = constant. In general, 
however, the ray path is non-planar, and the following two relations must be used 
to find the ray path: ; rs 
usin = sin é,=S 

ur sin y cos € = A cos & 2 AC 

where &, is the value of § outside the ionized region and A is the distance from the 
trail axis to plane 2. 


Deere —— te 
AeA 
See - 
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Fig. 3. The refraction and divergence of a narrow beam. 


To find the signal intensity refracted from the trail to a distant receiver. consider 
the spreading imparted to a pencil-like beam of square cross-section. Fig. 3 
shows such a beam. 

As is evident from equation (4), the beam is not spread in the é-direction, but 
becomes fan-shaped because of spreading in the y-direction. At the radius of 
closest approach the beam is highly pinched and there is a caustic. Since the trail 
spreads the beam only in one dimension, it will be sufficient if we compute dA /d26 
as a measure of the scattering properties of the trail. We shall find dd/dA by first 
computing 6, the “‘half planar-scatter-angle”’; this deviation in turn will be found 
by integrating the change in y along the path. Because € is of no concern in this 
integration, we shall eliminate € between equations (4) and (5). The result is 


ry/(u? — S?) sin y = AC (6) 
3. CALCULATION OF THE Ray PATHS 
To find the planar-scatter-angle 26, we note that 


[” tan y dr 


“19 r 


(7) 


where 7, is the radius of closest approach. Putting equation (6) in equation (7), we 
have x dr 


ics ae (x) 
Jr N\ A2G? 
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2 


Upon substituting «? from equation (2), letting s = rC and o = yC?, we have 


p20 ds 


é= [(e (1/0) exp (—s?/a?o)} i) (9) 
dl de AC? 


But if C = 1, and the entering ray has no axial component, s 





poo dr 


1% ie = (fy) exp (— Fay) | (10) 
ns : v1 A? = 


an expression of precisely the same form as equation (9). Thus we are led to observe 
that it is only necessary to compute 6 vs. A and y for 5 = 0. For any other value of 
—,. 0 may be found from the following equivalence theorem: 





6(A, y, &)) = 0(A cos & 5, y cos*é, 0) (11) 


In the actual calculation, equation (10) is not the most convenient form of the 
integral for 6, because of the infinite limit. Instead, the variable of integration has 
been changed to w, and the relation used is 





du 
=| x ||" way In {1/y(1 — (12) 
Ju A* 


Because two parameters must be varied, in addition to the variable of inte- 
gration, equation (12) is hard to evaluate profusely enough to facilitate numerical 
differentiation with respect to A. Hence, although critical cases were evaluated 
from equation (12) using an electronic computer, a simple approximate formula 


Fig. 4. The radius of curvature approximation for ray deviation. 


was used whenever possible. Consider Fig. 4, which applies to propagation in the 
plane normal to the trail. In this special case from equation (5) we have u(r9)"5 = 
A, since £ = 0 and py = z/2 at closest approach. Thus for a given y, or trail age, 
we may assume r, and get A. Whena ray is travelling tangentially in a radial distri- 
bution of refractive index, the radius of curvature pis p = mudr/du. Thus at ry the 
ray has a radius of curvature po(79). For radii r > 79, p > po. If now we draw 
circles of radius A and py, as shown in Fig. 4, the ray path extensions must be tan- 
gent to the circle of radius A, and must fall outside the circle of radius py. Experi- 
ence shows, however, that for most cases, the deviations are very nearly the same 


85 





L. A. MANNING 


as if the ray extensions were tangent to the p, circle. It then follows that. approxi- 
mately. 

A 4 

wae (13) 
To + Po 


sin dé = 


where 
A =ro[1 — I/{y exp (r,°/a*y)}] 
and 
po = (y/ro)ty exp (r9°/ay) — 1 
Whenever justified on the basis that equations (12) and (13) give the same 
results, d(A/a)/d6 has been computed by evaluating the derivative of equation (13) 


90 





80 


70 





























A/a 
Fig. 5. Dependence of the half planar-scattering-angle 6 upon the 
normalized radius of closest approach A/a. 


directly on the computer. However, preliminary slide-rule calculations made with 
equation (13) were not prohibitive as they were for equation (12). 


4. THE SCATTERING DIAGRAMS 


In view of the equivalence theorem (11), it is sufficient to compute reradiation 
patterns for rays lying in a plane perpendicular to the trail axis. Thus we shall 
interpret this special case before discussing the changes of scale needed to describe 
incidence at a general angle. 

Figure 5 summarizes the behaviour of the half planar-scattering-angle 0 as a 
function of A/a, where a is the radius of the trail at the back-scatter duration, and 
it is assumed that £ = 0. Recall that A is the radius of closest approach of the 
undeviated ray path, and y is ¢/t,, time normalized by the back-scatter duration; 
thus y > 1 represents enhanced duration at forward scatter. It will be seen that 
for y < 1, rays are refracted in all directions. However at the back-scatter duration 
y = 1 the minimum planar deviation 26 is 7/2, and regardless of A none of the 


rays have a vector component towards the transmitter. When y > 1. so that 
no part of the trail has a negative dielectric constant, the rays directed at the axis 
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(A = 0) are neither bent nor reflected; as y increases the remaining rays experience 
progressively less maximum deviation. 

In Fig. 6 are plotted the normalized polar scattering diagrams for trails of a 
variety of normalized ages y, again for the case & = 0 (propagation in the plane 
normal to the trail axis.) The radial scale is d(A/a)/déd in reciprocal radians. 
The plots thus represent signal intensity, rather than signal amplitude. Upon 
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Fig. 6. Normalized pola scattering diagrams for propagation in the plane 
normal to the trail axis. 
inspecting the plots, note first the way in which the back-scatter intensity decreases 
to zero at y = 1. This special case has previously been treated (MANNING. 1953). 
Next it will be seen that to the extent that ray path calculations are accurate, the 
duration of the echoes is the same for any transmitter-meteor-receiver angle up to 
90°. For larger scattering angles, increased duration is apparent. For y > 1, 
notice that at the moment when the echo drops out the receiver is in a caustic. 
For such forward-scatter-angles it would be expected that the signal intensity 
should increase gradually with time to a sharp maximum before dropping out. 
ALLEN has described oblique path VHF echoes from exceptionally large meteors 
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that have these properties (ALLEN 1948). Finally, it may be noted that as y increases 
beyond 1, the whole scale of the reradiation pattern becomes larger. The signal 
intensity then increases roughly as sec 6 for deviations less than those corresponding 
to minimum intensity. Since the plots of Fig. 6 are normalized by a it follows that 
the magnitude of scattered intensity increases directly with a, and the scattered 
amplitude as the back-scatter deviation ¢)/*. 

In general the incident ray will not lie in the plane normal to the trail axis. It is 
then desirable to determine £, and 6 in terms of more easily measurable quantities. 
Refer to Fig. 7: it will be seen that ¢ (the half forward-scatter-angle) and / (the 


Fig. 7. The co-ordinates of a ray incident upon a trail at an arbitrary angle. 


angle between the projection of the original ray direction in the tangent plane, and 
the intersection of the tangent plane with a plane normal to the trail axis) are more 
suitable as external measures of the reflection geometry. The meaning of ¢ was 
already made clear in Fig. 1. The advantage in using f as a co-ordinate is that for 
random trail orientations, each value of / is equally probable. Note that f as 
defined here is the complement of that used by ESHLEMAN and MANNING (1954). 
From Fig. 7 it will now be seen that 


tan &) = tan f sin 0 
and 
COS @ cos &) cos 0 


[f 6 and 0 are assumed given, it is a simple matter to compute &, from equation (14), 
then @ from equation (15). Thus we have a procedure for adapting the normal- 
plane results of Fig. 5 to arbitrary oblique geometry. Values of cos &, found using 
equation (14) are put in the equivalence theorem of equation (11), and the results 
apply to a forward-scatter-angle 24 found from equation (15). 

The polar diagrams of Fig. 6 apply only to the special case of &) equal to zero. 
An equivalence theorem exists relating intensities scattered in other directions. 
Thus from equation (11) it will be seen that 


ee 
= 0 cos & 


d(A Ja) 
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if 6’ is dd/d(A/a) evaluated for é, = 0, but with A and y replaced by A cos &, and 


y cos? &). Hence the intensity J satisfies the equivalence relation: 


I(6, y, &9) = sec & I(d, y cos? &5, 0) (16) 


Equations (14) and (15) are required to interpret the intensity patterns in terms of 
the forward-scatter-angle 24, and the trail orientation #. In general, the effect of 
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Fig. 8. The relation between half forward-scatter-angle and duration normalized by the 

back-scatter duration; / expresses the trail orientation, and is zero if the trail is normal 
to the plane of the transmitter-receiver paths, 90° if the trail is in that plane. 





y max= 


glancing incidence is to increase the duration. For f other than zero, the polar 
scattering diagrams will not be confined within as narrow a wedge about the 
forward direction as for incidence normal to the trail axis. 


5. Ecuo DuRATION AND AMPLITUDE 


It will be seen immediately from equations (11) or (16) that when &, is not zero 
the duration is increased by the factor sec? 9, while the effective trail diameter a, 
and so the intensity, are increased by the factor sec &). Thus when the trail lies in 
the plane of propagation the sec” ¢ duration increase with obliquity is still to be 
expected. However, for / not 90°, a much smaller increase results. The actual 
variation of duration with ¢ and / may be found by noting in Fig. 5 that the echo 
duration for a particular value of 6, with 6 = 0, is determined by the value of » for 
that member of the family tangent to the horizontal line 6-equals-a-constant. The 
duration in the general case is then y sec? €, with é, found from equation (14) for an 
assumed P. This duration applies to a half forward-secatter-angle 4 found from 
equation (15). 

Fig. 8 shows the relation between half forward-scatter-angle and normalized 
duration computed in the above manner. Note that the curve p = 90° is a plot of 
Ymax = See?¢. Thus the duration increase predicted for over-dense trails is less 
than is expected for all orientations of under-dense trails: there the sec”¢ law with 
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m ~ 2 derives from the existence of a t, oc 4” law of duration versus wavelength 


regardless of orientation. 

Upon inspecting Fig. 8, it is interesting to inquire whether the curves for # not 
zero may be approximated by laws of the form y = sec” ¢. It may be concluded 
that the exponents m must range from 0-3 or 0-4 to represent 6 = 0, up to 2-0 for 
6 = 90°. If the trails are randomly oriented, it may be shown using equation (3) 
of ESHLEMAN and MANNING (1954), that the median value of f is 45°. For this f a 
secant law with exponent about 0-85 is a representative fit. 


6. COMPARISON WITH EXPERIMENT 


The only controlled experimental test of the dependence of duration on obli- 
quity available to the writer is due to McKintEy and McNamara (1956). 
They operated a 33 Mc/s pulse transmitter at Ottawa and received simultaneously 
at Ottawa and Scarboro, 337-8 km distant. The echoes studied ranged in duration 
from roughly 1 to 100 sec. From range data the forward-scatter-angle 26 was 
found and the value of the exponent m best fitting the relation y,, = sec” ¢ was 
presented. Separate determination of m for t, less than and greater than 3-5 sec 
yielded m = 1-73 and m = 1-13 with probable errors in the means of 0-11 and 0-05. 
Some tendency for m to decrease with increase in the value of sec ¢ was also noted. 

Because of the geometry of the paths in McKinLEy and McNAmaRa’s experi- 
ment, specular meteor reflections from linear trails not distorted by atmospheric 
winds should only have been obtained if 6 were zero. Thus at first glance it might 
appear that a theoretical m of 0-3 or 0-4 should be used in the comparison. However 
a number of difficulties arise that we shall now discuss. 

First note that McKrntey and McNamara break the distribution in two at 
t, = 3-5sec. They call the two groups “‘under-dense”’ and “‘over-dense’’. However 
the theoretical division between under-dense and over-dense trails occurs in the 
bridging region where the under-dense and over-dense duration formulae merge. 
For back-scatter these equations are 


tag = A116 D (17) 


ud 
and 

tog = 0-885 x 10-14 QA?/4n°D (18) 
where D is the coefficient of diffusion. The bridging region occurs approximately 
where 0-885 « 10-!14Q = 1, so we see the critical duration is about 


terit = 42/140D 


Taking y = 9-1 m and D = 3 m?/sec, we find ¢.,;, is about 0-2 sec. Hence we 
must assume that most of McKrntey and McNamara’s meteors are over-dense. 
However, we expect a gradual transition from the sec? ¢ behaviour of under-dense 
trails to the behaviour predicted on the basis of ray optics. A density well above 
the critical value, and in the region of McKrntEy and NcNaAmara’s so-called 
‘“‘over-dense”’ sample, seems appropriate for the comparison with theory. 

In McKinitey and McNamara’s “‘over-dense”’ sample, however, m was found 
to be 1-13. This is much greater than the theoretical value for 6 =0. Now another in- 
fluence on the trail must be considered. It was shown some time ago by McKINLEY 
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and MituMan (1947) that in the case of those meteoric echoes enduring over 
5-10 see the aspect sensitivity of detection is lost. The author has developed the 
detailed theory of the loss of aspect sensitivity (MANNING, 1957) and finds it is a 
direct result of distortion of the originally-straight meteor trails by winds. We see 
therefore, that we must no longer assume f to be zero, since after 5-10 sec some 
part of the trail will be turned to present a value of f as large as 90°. Since the echo 
duration will be fixed by that part of the trail turned through the most favourable 
angle, we see that the mean value of m should lie somewhere between 0-3 and 2-0. 
Individual observations greater than m = 2 can be expected to result when turning 
of the trail occasionally makes back-scatter detection impossible. Clearly an 
accurate check of the present theory is not possible based on McKrniey and 
McNamara’s data. However the fact that their mean m of 1-13 is very nearly the 
average of 0-3 and 2-0 is encouraging. And, as they point out, in view of the large 
percentage of over-dense trails in their ‘“‘under-dense”’ sample, their mean m of 
1-73 does not mean a failure of the secant squared law for under-dense trails. 


7. COMPARISON WITH WAVE THEORY SOLUTIONS 


Attempts to determine the applicability of the present ray theory solutions by 
comparison with exact wave solutions are hampered by the extreme difficulty of 
obtaining wave solutions for dense trails of appreciable age. Kerr has carried 
the wave approach about to the limit (KEITEL, 1955) but his most ambitious 
example, calculated on a large electronic computer, carries the case with line 
density Q = 101” electrons/m only to a time equal to 0-357 per cent of the back- 
scatter duration. At this time the trail radius is only 1/7 wavelengths. Such 
durations allow much less time for expansion than do the values of norn:alized 
time y of one or more for which the ray theory has been developed. Thus n> valid 
comparison of over-dense echo behaviour with exact calculations is possible in a 
region where both may be expected to apply. It is none-the-less interesting to note 
how good the ray results are even for KEITEL’s very small trails. 

KEITEL expresses his results in terms of a reflection coefficient defined by 


\ 


akR,\ (scattered field at R, 
ae (" 9 ) (19) 


incident field _ 

where k = 27/A and R, is the distance from the meteor to the receiver. Our results 
are presented in terms of the angle dé through which energy confined between 
parallel rays d(A/a) apart is spread. In terms of dA/dd the second bracketed 
quantity in equation (19) becomes 

scattered field 

incident field — 
Now a? = 4Dt,, so a = A[0-885 x 10-14 Q/n3}!? 
and 


V {(1/2R,)dA/dd} (20) 


p = 5:13 y/{d(A/a)/dd} (21) 


In Fig. 9, Kerret’s wave solution for k(ay"?) = 2, @ = 1017 and 6 = 0 has 
been compared with the ray-path calculation for y = 0-00357 to which it corre- 
sponds. It will be noted that the agreement is excellent for forward-scatter-angles 
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20 up to about 155°. In the cross-hatched region, however, the exact polar scat- 
tering diagram has a broad peak of finite amplitude; the ray solution has a narrow 
infinite peak. The discrepancy in this region must be expected in view of the very 
small y that Kerren used. For such a small trail, the exact ionization distribution 
is not of great importance, and as KEITEL shows, the shape of the true overall 
scattering diagram is similar to the wave solution for a metal cylinder. However, 
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Fig. 9. Comparison of ray solution with KEITEL’s wave solution for a 
line density of 10! electrons/m, and y = 0-00357. 


for 6 < 80°, the ray theory gives a better fit than the metal cylinder even with y 


only 0-00357. It is expected that for y’s in the pertinent range near unity, the 
metal cylinder approximation will no longer be valid, and the ray treatment will 
be useful over an extended range of forward-scatter angles. It may be further 
noted that values of 6 greater than 80° are not possible for transmission between 
ground-based equipments. Thus the cross-hatched area of Fig. 9 is excluded on 
practical grounds. 

Although ray theory makes no distinction between incident waves with electric 
polarization along or across the trail, wave theory shows cross-polarization to be 
more complex. It is therefore expected that for parallel-polarization the ray 
theory may be applied to smaller trails than for cross-polarization. 


8. CONCLUSIONS 


Experimenta! studies of the duration of forward-scattered meteor echoes from 
over-dense trails have shown that the sec? ¢ duration increase with obliquity 
predicted for under-dense trails does not hold. No theory of long-duration echoes 
has existed capable of discussing this question. The present theory, applicable in 
the limiting case of large Gaussian ionization trails, demonstrates that the effective 
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exponent of sec ¢ for forward-scatter may vary from about 0-3 to 2-0 depending 
upon the orientation of the trail. In estimating practical duration increases, it is 
necessary to take into account in addition the distortion and change of orientation 
of the trail due to winds. Thus the mean practical exponent may be somewhat 
above the median expected for random trail orientation; the most favourably 
oriented parts of the trail will determine the observed duration. 

Comparison of the theoretical polar scattering diagrams with wave theory 
calculations is unsatisfactory because no existing wave solutions do more than 
dent the over-dense trail problem. However, the ray solutions compare closely with 
the most ambitious wave solutions over the experimentally observable range of 
angles despite the small trail radius of the examples. 

An equivalence theorem has been found relating the ray solutions for scattering 
at an arbitrary angle with the trail axis to the scattering in the plane normal to the 
axis. If the plane of propagation contains the trail axis, the sec? ¢ duration law 
holds even for over-dense trails. As the plane of propagation deviates farther and 
farther from the axis the predicted duration increase becomes smaller and smaller, 
but never vanishes entirely. 


REFERENCES 

ALLEN E. W., JR. 1948 Proc. Inst. Radio Engrs., N.Y. 36, 
346. 

ESHLEMAN V. R. and Manninea L. A. 1954 Proc. Inst. Radio Engrs., N.Y. 42, 
530. 

Hines C. O. and ForsytH P. A. 1957 Canad. J. Phys. 35, 1033. 

KEITEL G. H. : 1955 Proc. Inst. Radio Engrs., N.Y. 43, 
1481. 

MANNING L, A. 1953 J. Atmosph. Terr. Phys. 4, 219. 

MANNING L. A. 1959 Proceedings of Fifth Meeting, 
I.C.S.U. Mixed Commission on 
the Ionosphere. J. Atmosph. 
Terr. Phys. In press. 

McKinitEy D. W. R. and Minuman P. M. 1949 Proc. Inst. Radio Engrs., N.Y. 37, 
364. 

McKrintey D. W. R. and McNamara A. G, 1956 Canad. J. Phys. 84, 625. 





Journal of Atmospheric and Terrestrial Physics, 1959, Vol. 14, pp. 94 to 106. Pergamon Press Ltd. Printed in Northern Ireland 


Study of horizontal drifts in the Fl- and F2-regions of the ionosphere 
at Waltair (17°43'N, 83°18’E, mag. lat. 9°30’N) 


B. RAMACHANDRA Rao and E. BHacrrRATHA RAo 
Ionospheric Laboratory, Andhra University, Waltair 


(Received 17 April 1958) 


Abstract—Results of the analysis of drift measurements made at Waltair for the F'/- and F2-regions 
over a period of 2 years are presented in this paper.. The main features of the diurnal and seasonal 
variation of drifts in #'2-region are given in detail. The general pattern of drift movements for this low 
latitude station is found to be in phase opposition to those observed at high latitudes, thus confirming 
F2-region drift theory given by Martyn (1955). 


1. INTRODUCTION 


A NUMBER of radio methods are now available for the study of horizontal move- 
ments in the ionosphere. In a recent paper Briaes and SPENCER (1954) have 
given a brief review of these various methods and the results obtained by these 
different methods have been discussed. Among the various radio methods available, 
the spaced-receiver method due to Mirra (1949) is widely used by several investi- 
gators. From a fairly exhaustive review referred to earlier, it appears that a 
systematic study of drifts in the Z- and F2-regions of the ionosphere by the spaced 


receiver method is in progress at Cambridge, England (52°13’N, 00°6’E and mag. lat. 
54°44’ N) over a period of years. Though ionospheric drifts have been studied in 
detail at some higher latitude stations it is surprising that very little drift data is 
available for low latitude stations. Further, Fl-region drifts have not been 
studied systematically at any place. It is for these reasons we have taken up the 
systematic study of drifts in the F/- and F2-regions of the ionosphere at Waltair 
(17°43’N, 83°18’E and mag. lat. 9°30'N), which is a fairly low latitude station, 
during the last 4 years. The spaced-receiver method due to Mitra is employed 
in this investigation after slightly modifying the method of recording. The 
complete details about the experimental set-up and the preliminary results of 
drift measurements in #- and F2-regions have been reported by Rao, B. R. et al. 
(1956). Systematic measurements of FJ- and F2-region drifts with particular 
reference to the diurnal behaviour of F2 region drifts have been under investi- 
gation since January 1956 and the results of two years of extensive study are 
presented in this communication. 


2. RESULTS AND Discussion 


For the purpose of investigating the seasonal variation, F2-region drift measure- 
ments were made on a frequency of 6-0 Me/sec at 0900, 1200 and 1500 hours IST 
for 3-4 days each week. Diurnal study of F2-region drifts has been made by taking 
observations at hourly and sometimes half-hourly intervals for 2-3 “quiet days” 
each month for the period February 1956 to May 1957. During the remaining 
period covering the IGY, observations were taken for at least 3 consecutive days 
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including some World Days. The total number of F2-drift records taking during 
the last 2 years is about 2700 out of which 1500 are diurnal records and the rest 
were taken at 0900, 1200 and 1500 hours. Of these about 1000 diurnal records 
and 800 records taken at the three specified hours showed fading patterns suitable 
for drift measurement. For the diurnal study of drifts in the F2-region, the 
operating frequency for most of the daytime is nearly 6-0 Mc/sec. The equivalent 
height of reflection for this frequency during daytime is found to be generally 
between 280 km and 320 km. In order to determine the drifts at about the same 
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Fig. 1. Histogram showing the variation of drift speeds in the #'/-region during 1956 and 1957. 


level the night-time operating frequency was suitably decreased in order to maintain 
the equivalent height of reflection at night-time to be the same as the average 
equivalent height of reflection during daytime. But care was taken to see that the 
F2-region operating frequency is always sufficiently higher than the critical 
frequency of the lower F1- and F,-regions during daytime and £,-region alone at 
night. To satisfy these conditions the operating frequency during nights was 
suitably adjusted and was found to be between 3-0 Me/s and 5-0 Me/s. 

The FJ-region drift measurements for seasonal study were made at 0900, 1200 
and 1500 hours IST for 3 days in a week during the years 1956 and 1957. Out of 
about 600 F1-drift records taken during the last 2 years at the specified hours, 
only half of them were found to be suitable for drift measurements. It is found 
to be necessary to vary the FI operating frequency occasionally in order to avoid 
partial reflections from the lower H- and EF,-regions. Observations on F'1-region 
were never taken when partial reflections from H- and E,-region were observed. 
The frequency employed for FJ-drift study usually lies in the range of 4-2 Me/s 
to 4:8 Me/s and the virtual heights vary from about 200 km to 240 km. 


2.1. Magnitude of drifts in the F1-region 

A histogram of F'1-drift speeds is shownin Fig. 1. This histogram was prepared by 
taking anequal number ofobservations forthe three times 0900, 1200 and 1500 hours. 
From the histogram it can be seen that the speed of F'/-drifts generally lies between 
30 m/sec and 150 m/sec. It is interesting to note that the most probable range of 
drift speed for FJ-region is 40 m/sec to 100 m/sec as nearly seven-eighths of the 
observations lie in this range. It appears from the histogram that the most fre- 
quent and the average drift speed lies between 60 and 70 m/sec. An interesting 
feature of the histogram is that it shows a steep rise in the frequency of occurrence 
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of the drift speed in the range 40 m/sec to 70 m/sec and a gradual decrease in the 
frequency of occurrence of the speeds above 80 m/sec. A study of drift speeds 
taken at the three times 0900, 1200 and 1500 hours IST has shown that there is no 
systematic diurnal variation of the drift speed except that the noon time values 
are higher by about 10 per cent. Comparison of drift speeds obtained in each 
season separately during 1956 and 1957 has shown that there are no marked 


variations from season to season. 
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Fig. 2. Histogram showing the variation of drift speeds in the F'2-region during 1956 and 1957 


The only other observations on /'J-drifts available for comparison are those 
of YeRG (1955) on 4:57 Me/s by spaced-receiver method and Toman (1955) on 
3-5 Mc/s by a somewhat different method. YkErRG has reported a velocity of the 
order of 50 m/sec and has also concluded from his studies that there is no seasonal 
variation in F'J-drift speeds. ToMAN’s observations at Cambridge (Mass.) refer to the 
F ]-region only in summer and drift speeds of the order of 70 m/sec were obtained. 
The drift speeds reported by these authors are in fairly good agreement with the 


results of our investigations in the F'J-region. 


ae 


Histograms showing the diurnal and seasonal effects on the drift speeds of the 
F2-region are presented in Fig. 2. Fig. 2(a) is the histogram of the number of 


2.2. Magnitude of drifts in the F2-region 
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observations vs. the drift speed obtained by collecting and plotting equal number 
of observations taken at all the three times 0900, 1200 and 1500 hours IST and 
during all seasons. It can be seen from the histogram that the F'2-drifts are confined 
to a range of 30 to 150 m/sec and exhibit a maximum frequency of occurrence 
in the range of 90 to 100 m/sec. Hence the most frequent drift speed may be 
taken to be about 95 m/sec. It can also be seen that over half the number of 
observations are confined to a range of 70 to 110 m/sec, while more than three- 
quarters are in the range of 60 to 120 m/sec. The histogram shows a gradual 
increase and a rapid fall before and after the maximum value of the frequency 
of occurrence. It may be noted that the feature is quite the reverse of the behaviour 
observed for the histogram of F'1-drifts. 

With a view to bringing out vividly the difference in the distribution of F2- 
drifts between summer and winter seasons, histograms of the observations taken 
during the two seasons are plotted separately and are shown superimposed on 
each other in Fig. 2(b). In plotting these histograms equal number of observations 
are taken for each hour and season. Comparison of the histograms in this figure 
shows that the most frequent drift speed has increased from 75 m/sec in summer to 
95 m/sec in winter. It is interesting to note that there are more observations 
having higher speeds in winter than in summer. It may therefore be concluded 
that the winter drift speeds are in general higher than the summer values. 

A study of the average drift speeds at each of three hours of observation for 
each season revealed the interesting fact that the noontime values are, in general, 
higher than the values during the forenoon and afternoon hours which are very 
nearly of the same order. This difference is clearly shown in Fig. 2(¢) and 2(d) in 
which the histograms of noon observations and observations for other hours are 
shown separately for the summer and winter seasons. In drawing these histo- 
grams, equal numbers of observations are taken for the noontime and other hours. 
It will be clearly seen from these histograms that there are more observations 
showing higher speeds during noontime as compared to the other two hours. 
Another interesting feature which is noticed only in the summer observations is 
the fact that the most probable velocity for noontime observations is higher than 
the value for the forenoon and afternoon observations. 

In order to study the diurnal variation of drift speeds in greater detail hourly 
or half hourly observations of drift speeds obtained during some days in each 
season are grouped together and the median values for each period of 1 or } hr 
are arrived at. Although a plot of the drift speeds thus obtained against the time 
of the day shows clearly the general trend of diurnal variation in the drift speeds, 
there are some irregular short time fluctuations noticed in these curves. In order 
to eliminate these irregularities and to obtain a smooth curve representing very 
nearly the true diurnal variation, the following procedure of plotting the same 
observations is adopted. For this purpose average of equal numbers of observations 
taken within 1 hr on either side of a particular hour is taken as representative of 
the drift speed at that hour. Curves thus obtained for the variation of drift speed 
with the time of the day are shown in Fig. 3. From a careful study of these curves 
we arrive at the following conclusions: 

(1) In the curves for all the seasons except winter the drift speed is found to 
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reach maximum values and minimum values twice a day in general. The winter 
drift speeds do not show any marked variation. The maxima and minima are 
quite prominent, particularly for the spring season. Unlike the other seasons it is 
interesting to note that winter readings do not show any prominent fluctuations 


particularly for the winter 1957-1958. 
(2) It is found that the maximum values of drift speed are attained at about 
noon and midnight, while the minimum values of the drift speed are attained near 
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Fig. 3. Diurnal variation of the magnitude of F2-drifts in all the seasons for the years 
1956 and 1957. 

sunrise and sunset hours. There are seasonal variations in the times of occurrence 
of these maxima and minima. The time interval between the noon maximum and 
evening minimum appears to be lesser in summer season and more in spring and 
autumn seasons. The forenoon minimum occurring in the spring season is not as 
prominent as that in the summer and autumn seasons, when it occurs as a sharp 
dip in the curves. 

(3) In all seasons except in the spring there occurs a subsidiary maxima at 
about 2000 hours. In spring season the subsidiary maxima appear to have been 
obscured by the rapid rise of drift speed from the evening minimum to midnight 
maximum in the spring season. An explanation for the observation of this sub- 
sidiary maximum is found in the rapid rise of virtual height of reflection observed 
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after sunset. It has been observed more or less commonly at this latitude that 
there is a rapid increase of virtual height of reflection by about 100 km around 
this time, even though the operating frequency is reduced by some 3-0 Me/sec. 
It may be noted that this phenomenon is a common feature observed at several 
equatorial latitudes and has been reported by WELLS and Stanton (1938) at 
Huyancayo and OsBoRNE (1951) at Singapore. On account of the actual increase 
of the virtual height of /2-region around this time the drift speed measured during 


Table 1. F'1-Drift directions for 1956 and 1957 





Season 0900 1200 1500 
Spring SW j NE 
Summer NE 4 NE, NW * 


Autumn NE, NW * 4 SW, NE* 
Winter SW 4 SW 





this period actually corresponds to a higher level having higher drift speeds, and 
hence the subsidiary maxima is observed. Another subsidiary maximum is 
observed in summer records before noon but no plausible explanation could be 
given for this observation. 

(4) Results obtained in the spring season show that in general the night-time 
drift speeds are higher than the daytime values. For the 2 years the midnight 


maxima in this season are found to be higher than the noon maxima. The lowest 
drift speed also occurs for this season in the evening hours. Thus we find that 
there is a rapid increase of drift speed from evening to midnight only in the spring 
season. This change in the drift speed has a magnitude of the order of 60 m/sec 
while in the other seasons this variation is not more than 30 m/sec. 

(5) Though the general trend of speed variation remains unchanged from 1956 
to 1957, significant differences are also apparent. The differences between the 
midnight and noon maxima are more pronounced for the spring and summer 
seasons during 1958 as compared to the previous year. 


2.3. Seasonal changes in F1 drift directions 

Considerable data is available for drift measurements of FJ-region during 
daylight hours of 0900, 1200 and 1500 hours. Polar diagrams were drawn for all 
the observation of each season for each hour and the main drift directions as 
obtained from the polar diagrams are shown in Table 1. Sometimes a second 
prominent direction also is indicated and these are also shown in the table with 
an asterisk. It is interesting to note that there is a systematic trend in the drift 
directions. The drift direction is SW for all seasons at noontime. The drift 
direction at 0900 hours is towards SW during spring and winter, and NW during 
summer and autumn. At 1500 hours the drift is towards SW during autumn and 
winter while it is towards NE during spring and summer. Thus the duration for 
which the drift direction is towards SW is larger for winter months and is smaller 
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2. Results of harmonic analysis of F2-region drifts for every month 
(t = local solar angle) 
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Table 3. Results of harmonic analysis of F'2-region drifts for every season 
(t = local solar hour angle) 
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for summer months. The duration of SW drift direction in spring and autumn 
appears to be the same with the difference that the onset of SW direction occurs 
earlier in spring and later in autumn. 

YeERG (1955) has observed F'1-drift directions towards WNW and NNE for 
summer and towards SW with some scatter in directions during winter. Toman 
(1955) has reported drift direction towards NE for summer months around noon- 
time. It will be however evident that the drift directions for summer months at 
this latitude agree with the results of YERG but not with those of Toman. During 
the winter months the drift directions observed here agree with those of YrErRG. 
It must be noted that both YERG and Toman have not given the exact hours 
when the observations were taken and as such, no detailed comparison was 
possible. 


2.4. Diurnal and seasonal changes in F2 drifts. 


We shall first take up the analysis of results obtained from diurnal study of 
F2 drifts which involve 24 hr observations taken for 2-4 days in each month. 
Following the method of Briggs and SpENcER (1954) the N-S and E-W com- 
ponents for each observation are plotted against the hour of observation. Points 
for the observations of all the days in each month are put in one graph and mean 
curves are drawn by eye to represent the general trend of these points. From these 
curves average hourly values of N-S and E—-W components of velocity are obtained 
and these smoothed values are then used for harmonic analysis. The results of the 
harmonic analysis for obtaining the steady part and 24 hr solar variation in the 
N-S and E-W components of drifts obtained for the two years 1956 and 1957 
are shown in Table 2. The last column in the table gives the phase-angle difference 
between the N-S and E—W 24 hr components. Besides the analysis of data for 
each individual month, observations for all days in each season are put in one plot 
and mean curves are also drawn by eye showing the general trend of variation of 
the points for each season. From these smoothed curves hourly values of the 
velocity components are obtained and these values are subjected to harmonic 
analysis for obtaining not only the steady and 24 hr solar components, but also 
the 12 hr solar component. The results of the harmonic analysis of these curves 
for the years 1956 and 1957 are presented in Table 3. 

To illustrate the general trend of variation the smoothed curves thus obtained 
for all the four seasons during 1957 only are reproduced in Fig. 4. 

From a careful study of the results of the analysis of F2-drift data taken over 
the last two years we note the following chief points of interest for the /'2-region 
drifts: 

(1) The diurnal variation curves in Fig. 4 and other similar curves obtained 
for individual months show that for the F2-region drifts the variations have a 
predominant period of 24 hr rather than 12 hr. 

(2) Except for minor variations, the general shape of the N-S and E—-W 
diurnal variation curves for all the 3 months in any particular season is found to 
be the same. Very rarely we find deviations such as in the case of curves for the 
month of May 1956 for which the amplitude of the 24 hr period of the N—S com- 
ponent is low and the steady component in the E—-W diurnal curve is high. 
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(3) In all the months and seasons the steady component of drift is very small. 
This is particularly so for the case of the N-S component. The steady part of the 
drift in both the N-S and E—-W components is higher in the winter season. 

(4) From Tables 2 and 3 it may be seen that the amplitudes of drifts having 
24 hr period in the N-S component lie in the range of 65 m/sec to 75 m/sec while 
the corresponding values in the E-W component lies in the range of 80 m/sec to 


90 m/sec. Thus in all the curves for the individual months and the seasons, the 
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Fig. 4. Diurnal variation of N-S and E-W components of £'2-region drifts in all the four 
seasons for the year 1957. 
amplitude of the 24 hr solar cycle in the N—S component is always less than that 
in the E~W component. 

(5) The phase angle of the N-S component is found to be invariably higher than 
that for E-W component. This sense of phase-difference indicates a drift direction 
which is changing continuously in a clockwise sense with time. 

(6) The phase-difference between the N—S and E—-W components shows slight 
variations from month to month but the major part of this variation is mainly 
statistical in nature owing to the uncertainty involved in drawing a curve through 
the scatter of points obtained for a season or for a month. In general it may be 
said that there is no significant change in the values of this phase difference from 
season to season, the values being in the range of from 70° to 80°. This phase- 
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difference is a consequence of the time lag of the E-W component behind the N-S 
component by about 5 hr which can be clearly seen from the curves in Fig. 4. 

(7) The velocity vector of /'2-drifts traces an ellipse in 24 hr thus going through 
maxima and minima twice a day. This feature can be easily seen from Fig. 5 
which is a polar plot of the observations taken for three quiet days in the month 
of June 1957. The observations are shown alongside the smooth curve of the 
ellipse drawn by combining the steady and 24 hr components obtained from the 
harmonic analysis of the N-S and E—W curves for the month. It can be seen that 
the actual observations follow the trend of the elliptic curve fairly closely. The 
ellipticity, however, is found to vary slightly from month to month and season to 
season. The time in IST is shown alongside the points calculated from harmonic 
analysis results. In general it may be said that the drift direction which is generally 
towards NE at midnight changes rather rapidly through SE to SW in the morning 
hours. It remains SW for a fairly large duration during daytime and then changes 
over rapidly through NW in the late evening hours to NE during night-time. 


Table 4. F2-Drift directions for 1956 and 1957 





Season 0900 1200 1500 


Spring SW, SE* i SW 
Summer SW 4 SW, NW* 
Autumn SW 4 SW, NwW* 
W inter SW, SE* SW 





(8) The component having 12 hr period in the N-S and E—W curves is not 
significant as the amplitudes generally lie in the range of from 3-0 to 16-0 m/sec 
excepting during winter, when it is larger and also as the phase differences do not 
show any consistent value. 

(9) The main features of the diurnal variation curves and also the values for 
the amplitudes and phase angles obtained for the data taken in 1956 are found to 
repeat again during 1957. In general there is no significant variation in F'2-drifts 
from 1956 to 1957. 

F2-drift observations taken at 0900, 1200 and 1500 hours IST for a large number 
of days during the last two years were plotted as polar diagrams for each season 
and hour and the main drift directions obtained from these polar diagrams are 
shown in Table 4. Other directions of secondary importance are noted with 
asterisk. 

It will be noticed that the noontime drift is SW for all seasons and this finding 
agrees with the conclusions from diurnal study as seen from Fig. 4. It is interesting 
to note that in the spring and winter seasons SE drift direction is also prominent 
at 0900 hours. This is explained as due to the transition of the E-W component 
being around 0900 hours. If this transition-time happens to be much earlier, as 
in the case of other two seasons, observations indicating SE direction at 0900 
hours are not obtained. In a similar manner, a secondary direction towards NW 
is noticed for the 1500 hours observations during summer and autumn and this is 
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also explained as due to transition of N-S component occurring earlier in these 
seasons so as to be around 1500 hours. 

Though fairly extensive F2-drift data is available for Cambridge as reported 
by Bricas and SPpeNcER, results of harmonic analysis of this data are not available. 
It will be interesting to compare the results of this investigation with the main 
conclusions of Briggs and SPENCER. Briae@s and SPENCER have reported that 
F2-drifts show a predominant diurnal variation of 24 hr period, a feature which is 
in excellent agreement with our findings. In all seasons at Cambridge the E—-W 
component is towards west during night and east during day and this observation 
is exactly opposite to the behaviour of drifts at our station, where we find the 


N 
A 





Fig. 5. Polar plot of F'2-region drift observations for June 1957 alongside the elliptic trace 
obtained from the result of harmonic analysis. 
E-W component directed mostly towards west during the day and east during 
night. Radio astronomy methods sometimes reveal a reversal of E-W component 
near midnight so that the velocity is towards east after midnight. It will be 
evident from the N-S and E—W curves for all the seasons given in Fig. 4, that 
such a reversal from west to east takes place at our latitude a few hours before 
midnight which varies with the season. Cambridge results show that the N-S 
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component is very small during night but no such large difference between day 
and night values is noticed in our observations. The N-S component at Cambridge 
shows during the day a significant seasonal variation, being towards south in 
winter and north during all the other seasons. It is interesting to note that we 
have not observed any such seasonal change in the N-S component. Briaes and 
PHILLIPS (1952) reported that the E-W component is usually greater than the 
N-S component, an observation which is in agreement with similar features noticed 
from our data for the last 2 years. 

It is generally agreed that both in E- and F2-regions the variable part of the 
drift velocity vector rotates clockwise in northern hemisphere and anticlockwise 
in the southern hemisphere. Our observation is quite in agreement with this 
general conclusion. However harmonic analysis of F'2-drift components has shown 
that the drift vector with 24 hr period, traces an ellipse giving two maxima and 
minima for the drift speed in a day as shown in Fig. 5. The curve shows maxima 
in drift speed at about midnight and noon. It is interesting to note that such 
maxima in drift speeds at about noon and midnight have also been observed by a 
simple plot of drift speed vs. time for all months and seasons as shown in Fig. 3. 

The only other low-latitude station for which /F2-drift measurements are 
available is Singapore (1°19’N, 103°49’E and mag. lat. 10°S) where OsBoRNE (1955) 
has found a predominent semi-diurnal drift of amplitudes 40 m/sec from a limited 
number of observations taken from Sept. 1953 to April 1954. His results are not 
in general agreement with our findings. However, very recently PuRsLow (1958) 
has studied F2-drifts at Singapore from measurements taken over a period of 
3 years and reported that the N-S and E-W components show a predominant 
24 hr period. He found the E—W component of F2-drifts to be directed consistently 
towards east during night with a maximum amplitude of 90 m/sec and less 
consistently towards the west during the day with a maximum amplitude of about 
30 m/sec. The N-S component is found to be much smaller than the E-W com- 
ponent at all times with consistent southerly direction during daytime and less 
consistent northerly direction during night-time. The general directions of the 
F2-drift components observed by PuRSLOW are in good agreement with ours 
although they are exactly in anti-phase to those determined at higher latitudes. 
Though we find that the night-time values of the E-W component are in general 
slightly higher than the E-W components during daytime, the large divergence 
between the night-time and daytime E—W drifts as reported by PURSLOW has never 
been observed by us. It appears that the magnitude of southerly drifts observed 
during daytime at Singapore is much higher than the northerly drifts during 
night-time, while at our station we do not find any significant differences in the 
amplitudes of the N-S component from night to day. The amplitudes of the 24 hr 
components as reported by Purstow from the harmonic analysis are found to be 
much less than the values obtained by us. As the phase difference between N—S 
and E—W 24 hr components appears to be about 1 hr, from the harmonic analysis 
data given by PursLow, it will be evident that the 24 hr drift vector at Singapore 
rotates in a clockwise sense tracing an ellipse of high eccentricity. The eccentricity 
of the ellipse at this latitude is much less than this as the phase difference is of the 


order of 5 hr. 
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The drift movements at this latitude are exactly in opposite direction to those 
observed at higher latitudes, thus confirming the prediction of Martyn (1955) 
that there should be a phase reversal of F'2-drifts at a latitude of 35°. It is interest- 
ing to note that the amplitude of the 24 hr E~-W component is much higher than 
the corresponding values obtained for higher latitudes. Using separate expressions 
for the eastward drift velocity around the magnetic equator and at high latitudes, 
Martyn had shown that the maximum eastward drift by day at Cambridge 
(52°13'N, 00°6’E and mag. lat. 54°44’) should be about 35 m/sec and the maximum 
westward drift by day near the magnetic equator should reach a value of 200 m/sec. 
The maximum westward drift of 80 m/sec to 90 m/sec observed at this latitude 
during daytime falls in between these two values, confirming in a way the pre- 
dictions of Martyn concerning the variation of maximum E-—W component of 


drift with latitude. 


Acknowledgement—We are indebted to the Council of Scientific and Industrial 
Research of India for financial support for these investigations. 
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Determination of the angle of arrival of auroral echoes 
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Norwegian Defence Research Establishment, Division of Telecommunication, 
Kjeller, Lillestrom, Norway. 


(Received 21 May 1958) 


Abstract—The angle of arrival, 0, of auroral echoes is measured by an interference method. The variation 
of # with echo range R is demonstrated. @ varies from 15° to 6-5° when the range increases from 400 to 
730 km. The height of the reflection area must lie at 100-120 km. 


INTRODUCTION 


ALL observations of c.uroral echoes indicate that they are coming in at low angles 
with an angle of arrival of less than 15—20° (CurRRIE et al., 1953; Livre et al., 1956). 
In the frequency range 40—80 Mc/s in which most observations of auroral echoes 
are made, it is not practically possible to construct an aerial with directivity 
sufficient to avoid the presence of ground reflections at these low angles of arrival. 
The estimates of angle of arrival have, therefore, hitherto been based on indirect 
evidence. 

Methods have, however, been in use for measuring low angles of arrivals of 
other phenomena. The method is based on measuring the amplitudes of signals 
simultaneously in two aerials placed vertically above each other at certain heights 
and separations. From the amplitude ratio between the signals in the two aerials 
the phase difference between the direct and the ground reflected wave can be 
computed, from which the angle of arrival can be evaluated. The method has 
been used for measuring low-angle arrival of CW signals reflected from the H- and 
F-layers (WILKINS and Minnis, 1956), and of transient signals the angle of arrival 
of meteoric echoes have been studied (ASPINALL et al., 1951). A similar method 
has now been used for measuring the angle of arrival of auroral echoes, but due 
to the irregular and rapidly varying character of these echoes both in structure 
and range the method had to be modified. 


METHOD oF MEASUREMENT 


Conventional echo transmitter and receiver working on 40 Me/s with a peak 
power of 20 kW were used. The same aerial was used both for transmission and 
reception, the feeder being supplied with a R—T' coupling. The electric vector was 
horizontal in transmission and reception. If we have a perfectly reflecting hori- 
zontal plane in front of the aerial the reflected ray will get a phase change at 
reflection of 180°. If the direct and reflected rays are received (with horizontal 
polarization) at a point lying in height h above the ground the resultant e.m-f. 
27h sin “| 

Sa 


is given by e = 2# sin ( cos wt, where § is the angle of arrival. If we 


have a constant angle of arrival and are moving the receiving point upwards, we 
will record a system of interference fringes with spacings determined by the angle 6. 
The experiment with this modification represents an analogy to Luoyn’s fixed- 
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mirror interference experiment. Fig. 1 illustrates the experimental arrangement. 
The frequency used was 40 Mc/s. Some tests have also been made on 80 Mc/s. 
All observations were made at Kjeller (py = 60°N) and the aerial was directed 
towards north with approximately 10° to west. 

In the first series of experiments a fixed yagi was used as transmitting aerial 
and only the receiving aerial was moved up and down. The echoes were isolated 
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Fig. 1. The receiving + transmitting aerial could be moved continuously up and down. The 
amplitudes of the auroral echoes will vary according to the curves to the left, depending on 
the angle of arrival 6. 


through a gate and the mean amplitudes were recorded through a peak voltmeter. 
It turned out, however, that this procedure gave inconsistent results due to the 
lobe effect of the fixed transmitting aerial. In the later experiments the moving 
aerial was used both for transmitting and receiving. The width of the echoes 
usually lies in the interval 50-150 km, which may represent different ranges and 
angles of arrival. It was therefore necessary to use a very narrow gate and to 
isolate only a small portion of the auroral echo pattern. The range corresponding 
to the position of the gate was simultaneously recorded in the echo pattern. The 
amplitude of the section of the auroral echo pattern isolated by the gate was 
recorded through a second cathode-ray tube. 

The aerial, two folded dipoles mounted broadside in 4/2 distance, was used both 
for transmission and reception working through a R—TJ' switch. The aerial could 
be moved up and down with constant speed along the mast. In front of the aerial 
a horizontal field was used as the reflector. For very low angle radiation (h = 2A 
and § ~ 6°) this requires a plane, horizontal field in front of the aerial extending 
about 350 m to the north, for covering the first Fresnel zone. The field in front of 
the aerial did not quite fulfil this condition, but no serious error should be intro- 
duced. It is, however, obvious that values of 6 less than 6° should be viewed with 


caution. 
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Determination of the angle of arrival of auroral echoes 


In Fig. 2 four records are shown giving ranges andamplitudes ofthe auroral echoes 
during one period of movement of the aerial up and down. The records are taken 
with two cathode-ray tubes, the upper part of the records gives the range and the 
lower part the amplitudes in the echo pattern at a range indicated by the hori- 
zontal gate-line. The nearest echo (a) at 430 km range exhibits both a maximum 
and a minimum value in the amplitude variation from which an angle of arrival 
of 12-5° can be deduced. The most distant echo (d) at a range of 720 km exhibits 
only a flat maximum near the top of the aerial from which an angle of arrival of 
6-5° can be deduced. 

Discussion 


A series of determinations of § as a function of R is given in Fig. 3. Although 
there is some scattering of the individual points the figure indicates that the height 
of reflection above the earth’s surface must lie at a height of 100-110 km for echo 











Fig. 3. Angle of arrival, 0, as a function of range, R. If it is assumed that the reflections 
take place aJternatively at heights H = 70, 100 or 130 km, the angle of arrival should lie 
on the curves indicated. The three horizontal curves show the variation of D, which 
represents the angle between the geomagnetic lines of force and the direction of arrival. 


ranges 400-500 km. For ranges 600-700 km the heights seem to increase slightly, 
to 110-120 km. The variation of 0 with RF seems to indicate that for the range 
interval considered there has been no appreciable bending of the ray during the 
passage of the lowest part of the H- or H,-region. At high-latitude stations close 
to the auroral zone where ranges down to 200 km appear, this effect may have to 
be considered. 

Further the angle D has been calculated, representing the angle between the 
direction of the geomagnetic lines of force and the direction of arrival (CHAPMAN, 
1952)* for three heights of reflection, 70, 100 and 130 km. For the echoes in ranges 
400-500 km D attains a value very near to 90° for an assumed reflection-height 
of 110 km. For the more distant echoes in 500—700 km range the reflection-heights 
must lie in somewhat greater heights to fulfil the condition D = 90°. The varia- 
tion of 6 with range seems to confirm this point. 


* As values for the dip, mean values for Rude Skov (I = 69-0°) and Troms6 (J = 77-5°) have been 
used, and linear interpolations have been made to obtain values at the points of reflection. 
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The observations here described were made at Kjeller (p = 60°N) which repre- 
sents a station well south of the auroral zone. It is planned to extend these measure- 
ments to the arctic station Troms6 (y = 70°N) lying close to the aurora zone and 
where auroral echoes seem to exhibit a much greater variation in range and 
complexity. 


Acknowledgement—The authors wish to express their thanks to R. BRATTENSBORG 
for his assistance during the observations. 
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On the aurora of 19 August 1950, photographed from Greece 
W. N. Assporr* and 8. CHAPMANT 


(Received 30 May 1958) 


Abstract—Further details are given concerning an auroral photograph already reproduced and discussed 
(AsBoTT, 1951). The association between the occurrence of aurore in low latitudes and the 3 hr 
geomagnetic disturbance index K.,, is considered. 

The aurora was reported from places over a wide area (Europe, the Atlantic and North America); 
its reported appearances ranged from 18 August at 2130 hours to 19 August, 0530 hours UT (at Nantucket); 
and from New Zealand it was seen after sunset, from about 0730 UT on 19 August. 


1. INTRODUCTION 
A sky photograph of exceptional interest, taken by one of us, was reproduced 
and briefly discussed in an earlier note in this journal (ABBorTT, 1951). The present 
note amplifies and partly supersedes that discussion. 
The plate, showing part of the eastern sky not long before dawn, was taken 
in the course of a study of the autumn reappearance of the zodiacal light; the 
moon was 3 days old, hence it was further below the horizon than the sun. Some 


details are as follows: 

Place: Spetsai College astronomical station, Spetsai Island, Greece. 37°13’N, 
23°17’E geographic (gg); gm (geomagnetic) latitude 35°57'N. 

Time: 19 August 1950; exposure 25 min, centred at 0207 hours UT (0407 
hours local standard time). The exposure ended shortly before astro- 
nomical twilight began. 

Camera: F : 4:5 Goerz lens; attached to a telescope with equatorial drive. 

Plate: Kodak commercial Super-X X Panchromatic; sensitivity uniform in 
the red and green, increasing in the blue and violet. 

Star-field: Gemini (Uranus also appears on the plate). 

When the exposure was stopped a glow, not previously seen, was casually 
noticed in the part of the sky to which the camera was directed. This was mistaken 
for the zodiacal light, until the plate, after development, revealed the complex 
pattern of the light. Fig. 2 is a (negative) pen drawing of the original plate; 
black represents brightness. Unlike the positive photographic copy given in 
the earlier note, it is drawn so as to show the location of the luminosity in azimuth 
and elevation, in which its ranges were from about 75° to 87°E of N and from 
about 7° to 20° elevation. At Spetsai the geomagnetic East is in the geographic 
direction 75-6°E of N (as marked on Fig. 2). Thus the luminosity lay in a geo- 
magnetic latitude south of Spetsai, that is, below 36°N. 


* University of Athens, temporarily at the Geophysical Institute, College, Alaska. 

+ Geophysical Institute, College, Alaska; High Altitude Observatory, Boulder, Colorado (there 
working with the support of the National Bureau of Standards and the Air Force Cambridge Research 
Center.) 
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2. AURORAL OBSERVATIONS, 19 August 1950 


When the plate was examined and the unexpected image of sky luminosity was 
found on it, the image was not immediately recognized as auroral. However, news 
was later received that a great aurora had been seen on that date. In fact, 1 hr 
earlier a brilliant aurora had been seen from the British liner Queen Elizabeth, 
bound from Southampton to New York. The ship was then at 42°41’N, 52°41’W 
(53°N gm). From 0059 hours UT continuous waves of brilliant light, resembling 
powerful searchlight beams, were seen travelling across the sky from N to §, 
dominating the entire sky, and changing direction from time to time. At 0115 hours 
UT waves of light streaked vertically upwards from the entire horizon, to culminate 
in a white glow at the zenith. Towards the southern side of the apex a dull reddish 
glow was noticed, fading after a few brief moments. (Report by First Officer 
G. E. Smirx; published in U.S. Hydrographic Bulletin No. 3187 of 7 October 1950, 
and J. Geophys. Res. 55, 498, 1950.) 

The southern border of this ‘Atlantic’? aurora apparently lay below the 
horizon of the ship. If the aurora extended down to 100 km its minimum geo- 
magnetic latitude must have been below 46°, because an object at 100 km height 
visible (from sea-level) on the horizon lies at a distance of more than 800 km 
or 7° of latitude from the observer. Low latitude aurorae may not extend so far 
down as 100 km. If this aurora was wholly above 100 km, it must have been at 
a gm latitude less than 46°. 

This “Atlantic” aurora is notable as showing a corona visible from 53° gm 
latitude. (One may recall that during the outstanding aurora of 4 February 1872, 
a corona was seen from London, 54° gm latitude.) 

It is interesting to note that 19 August 1950 was the first of the two nights 
on which Merve (1951) obtained his important spectrograms showing Doppler 
displacements of the H-line. His work began on the evening of 18 August local time 
(at the Yerkes Observatory: 55° gm). Auroral spectrography could not have begun 
at the Yerkes Observatory much, if any, before 8 p.m. local time, 18 August, which 
was 19 August 0200 hours UT, the time of the auroral photograph discussed in this 
note. On that night the aurora apparently did not come overhead at Yerkes; on 
the next night it passed the zenith and went south at least to the magnetic zenith 
(20° south of the true zenith), and a corona was observed. Other auroral obser- 
vations on the night of 18-19 August have kindly been brought to our notice as 
follows by Miss C. M. Botiey and Mr. D. 8. KimBa.: 

(1) Ocean Weather Ship Weather Explorer. 58°15’N, 15°25’W (63° gm); 19 August, 0001 hours 
UT. Marked aurora consisting of diffuse green coloration extending to the zenith with some 
bands south of the zenith. The duration of the display is not given, but presumably the aurora 
lasted for some time, as the observer reports that it remained fairly constant in pattern. Slight 
aurora was also reported at 0300 hours UT. 

(2) SS. Essex Trader. 57-5°N, 18-0°W (62° gm); 19 August, 0150 hours—0400 hours UT. 
Reported as having observed rays (HA, RA, RR) extending from east to west, presumably 
passing overhead. 

(3) Whickam, England. 54-6°N, 01-4°W (54° gm); 18 August-19 August; red glow. 

(4) Petersfield, England. 51-0°N, 00-9°W (54° gm); 18 August, 19 August; red glow. 

(5) Coulee Dam, Wash., U.S.A. 48-0°N, 114°W. (54° gm); 18 August, 2130 hours to 19 August, 
0250 hours UT. Ray formations to the zenith reported but no corona. 
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(6) Battle Creek, Mich., U.S.A. 42:3°N, 83°W (53 gm); 19 August, 0125 hours—0437 hours UT. 
Reported types G, DS, R, D; coronae at 0330 hours, 0352 hours, 0357 hours, 0411 hours UT. 

(7) Moline, Ill., U.S.A. 41-:3°N, 90-3°W (50° gm) 19 August, 0315 hours—0345 hours UT. 
Reported faintly luminous cloud to north. 

(8) Nantucket, Mass., U.S.A. 41:3°N, 70°W (52° gm); 19 August, 0155 hours—0530 hours UT 

- when clouds interfered. Types recorded, RA, R, D, PA, PS; corona at 0200 hours, 0235 hours, 

0237 hours, 0308 hours UT. Bright. 

(9) Polk, Ohio, U.S.A. 41-0°N, 82°W (52 gm); 19 August, 0300 hours UT. Aurora was 
recorded overhead. 

(10) Middleton, Ohio, U.S.A. 39-5°N, 70°W (50° gm); 19 August, 0150 hours—0325 hours 
UT. Types recorded, G, HA, RA, R, PS, F. Corona at 0305 hours UT. Bright. 

Fig. 1 gives the locations and the places whence these auroral observations in the northern 
hemisphere were made; it is centred on the geomagnetic pole (at 78-5°N, 69°W, geographic). 


SUNRISE 


ASTRONOMICAL 
TWILIGHT 








X= GEOGRAPHIC N. POLE 


Fig. 1. The northern hemisphere centred on the northern geomagnetic pole (at 78-5°N, 

69°W geographic). Geomagnetic meridians and parallels of latitude are shown. The gm 

parallels 45°N, 60°N are the boundaries of the northern subauroral belt; the gm parallel 

60°N contains the northern auroral region. The northern half of the minauroral belt is shown 

as well as the demarcation line between sunlight and darkness (sunrise line) and the line 

of astronomical twilight (dashed line), at 0207 hours UT, 19 August 1950. Dots (@) mark 
the location of observers mentioned in the text. 


Geomagnetic meridians and parallels of geomagnetic latitude are shown. The parallels 45°N, 
60°N are the boundaries of the northern subauroral belt; the parallel 60°N contains the northern 
auroral region. The northern half of the minauroral belt is shown. The aurora photographed 
from Spetsai was observed from, and lay in, the minauroral belt. The other observations of 
auroras in the northern hemisphere which appeared at about the same time, i.e. between 0000 
hours and 0400 hours, were made from the northern subauroral belt, with the exception of that 
from the Essex Trader which was made from within the auroral zone. 


The geomagnetic planetary 3 hr index K, for the period 0000 to 0300 hours 
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on 20 August 1950 was 6—; the values for the 24 hr from noon (UT) 18 August 
to noon 20 August 1950, were as follows (BARTELS and VELDKAMP, 1951): 





Noon Midnight 


18 August 19 August 
$4 eer ‘.- 44+ 

19 August 20 August 
84 — 
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70° 75° 80° 85° 90° E. 
DEGREES OF N. 


Fig. 2. The aurora of 19 August, 1950, photographed in Greece (J. Atmosph. Terr. Phys. 1, 
343, 1951). Microphotometer scannings were made along the lines 1, 2, 3. Ordinates are 
elevations, abscissae are azimuths. The star-field is located for the end of the exposure. 
The arrow shows the length of the 25 min star-trails had the camera been motionless. 


The high A, value at the time of the Spetsai photograph, and the near coinci- 
dence in time between it and the ‘‘Atlantic’’ aurora, leave no room for doubt 
that the image on the Spetsai plate represented an aurora. Hence the photograph 
is of outstanding interest; it appears to be the first objective picture of a really 
low-latitude aurora (geomagnetic latitude below 36°N) (CHAPMAN, 1957a, b). 
The following night, 19-20 August, a period of higher K, values, was one of notable 
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aurorae (see L’ Astronomie, 1950 and 1951); the first appearance of this aurora as 
reported to the U.K. Meteorological Office was from S.S. Fort Spokane, 39° 04'S, 
146° 40’E, whence a good display of aurora australis was seen to the south at 
1300 hours UT. 

The aurora of 18-19 August was seen from New Zealand (as kindly reported 
to us by I. L. THomsEn), beginning about sunset there at 19 August, 0747 hours 
(Campbell Island) and 0800 hours UT (New Zealand). 


3. THe AURORAL SURFACE BRIGHTNESS 

The low gm latitude of the auroral appearance photographed at Spetsai 
justifies an attempt to estimate its surface brightness. A close determination 
is precluded because of the uncertain duration of its appearance during the photo- 
graphic exposure. Fig. 2 shows by an arrow the extent and direction of motion 
of the image of a sky point in a fixed direction relative to the moving camera and 
the plate. The motion is large relative to the fine detail of the auroral image. 
Hence the aurora must have been registered for only a brief final portion of the 
exposure, certainly less than 5 min and probably only 1 or 2 min. 

The following method of estimating the surface brightness of the aurora was 
suggested by Dr. C. T. Etvey. Microphotometer tracings of the image intensity on 
the original negative were made along the lines 1, 2, 3 (shown on Fig. 2). The 
tracings are reproduced on Fig. 3, in which the abscissae are degrees of arc on 
the plate. The plate shows a background blackening attributable to the airglow, 
and this is assumed to have been of normal intensity; its intensity level, and 
the base-level of the clear plate (the zero of intensity is not very distinctly marked 
on the plate) are plausibly surmised as in Fig. 3. The mean surface brightness 
of the aurora, F,, is consequently inferred to be 1-4 times the background airglow 
surface brightness, H,. The average value of H, at the zenith is about 250 R 
(R. signifies rayleigh; 1 R denotes 4 <x 10° quanta/cem? sec steradian) (HUNTEN, 
Roacu and CHAMBERLAIN, 1956; Roacn, 1957). At the elevation of the aurora 
in Fig. 2, namely about 10°, #, is about twice as great, or about 500 R. If the 
auroral exposure was only 5 min of the full 25 min, #, may be reckoned to be 
25/5 x 1-4 x 500 R or 3-5kR (kilorayleighs). If, as is thought more likely, 
the aurora was present during the exposure for only 1 min, then #, is 5 times 
greater, namely 17-5 kR. Hence the aurora may be classed as moderately bright 
(RoacH, 1957, p. 115). 


4. THE LOCATIONS OF THE AURORA 


Figs. 4 and 5 indicate alternative possible locations of the aurora photo- 
graphed from Spetsai, in plan and in elevation (the latter projected on the vertical 
plane through Spetsai and the aurora). Fig. 4 shows also for the epoch at the 
end of the exposure the line of commencement of astronomical twilight, and the 
sunrise lines at ground level and at heights of 100 and 450 km. If the lower limit 
of the aurora was at 100 km, the aurora was about 500 km distant, and wholly 
in the shadow. If its distance was 1000 km, its lower border was at about 200 km 
height. Positions intermediate between those shown are, of course, also possible. 

Low-latitude aurorae are generally thought to be at higher levels than the 
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usual high-latitude aurorae; if so, this was a sunlit aurora, probably located 
somewhere south of the Black Sea, over Turkey. Owing to dawn brightening, 
it may not have been noticeable from the regions over which it lay. But it should 


a DARK PLATE 


SKY BACKGROUND 


CLEAR PLATE 
c= i i] 





o° a? 


DARK PLATE 


> 
= 
Y 
Zz 
WJ 
a 
Z 
- 
x 
Q 
i 


ee i 


SKY BACKGROUND 


CLEAR PLATE 
ea, 1 
0° 4° 








RE DARK PLATE 


SKY BACKGROUND 


F ihn nes savas ; 
1 


0° 4° 8° 
DEGREES OF ARC 








Fig. 3. Microphotometer tracings along the lines 1, 2, 3 of Fig. 1. The ordinates J are 
intensities and the abscissae are degrees of arc along the lines of scanning. 


have been visible from much of Greece (including Crete), and Bulgaria, Rumania 
and western Turkey. We know of no record of the aurora photographed from 
Spetsai other than the photograph here discussed. However, aurorae were seen 
at about the same time from many other places. 
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Fig. 4. Possible locations in space of the aurora photographed from Spetsai on 
19 August 1950, for a number of assumed altitudes. 
5. THE ForM OF THE SPETSAI AURORA 
The auroral image has a central region bordered to the left (the north) by 
a separate narrow band or streamer, and fainter streamers still further north; 
to the right (southward) there are fanlike streamers with intervening dark spaces. 
From a single photograph it is impossible to infer their true form. The streamers 
on the left cannot have lain along the lines of geomagnetic force. 


6. Low-LatTituDE AURORAE AND GEOMAGNETIC DISTURBANCE 


There is undoubtedly a relation between the intensity of geomagnetic disturb- 
ance (D) and the occurrence of aurorae in unusually low latitudes—either 
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Possible geographic locations of the aurora photographed from Spetsai on 
19 August 1950, for the distances shown in Fig. 3. 
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subauroral gm latitudes, between 45° and 60°N or 8, or minauroral (between gm 
latitudes 45° N and 8). To facilitate discussion of this relationship, a recent paper 
(BARTELS and CHAPMAN, 1958) tabulates all the occasions during 21 years (1932/33 
and 1937-1957) on which K,,, the planetary 3 hr index of geomagnetic disturbance, 
had values 5) or more. On the basis of this table we gave a diagram showing the 
greatest K, value (not less than 5) in the four quarter-days centred at 0000, 
0600, 1200, 1800 hours UT; this bears on the likelihood of low-latitude aurorae being 
visible in the four quadrants of the earth centred on the meridians of longitude 0, 
90°W, 180°, 90°E. The phases of the mean moon are also indicated on this 
diagram, as moonlight affects the visibility of aurorae. 

The greatest aurorae in the last century, of 28 Aug. to 2 Sept. 1859, 4 Feb. 
1872, 25 Sept. 1909 and 13 May 1921, coincided with outstanding magnetic 
storms. But for lower degrees of D, as measured by K,,, the parallelism appears 
to be less close than may be generally supposed. The auroral data, however, are 
so scanty and incomplete that it is difficult to compare the incidence of the two 
phenomena. 

During the International Geophysical Year the watch for the aurora is excep- 
tionally widespread and careful. This has already provided considerably more 
records of aurorae visible from minauroral latitudes than would correspond to the 
well known diagram of frequency of auroral visibility given by Fritz (1881) and 
revised by VESTINE (1944). But visibility from minauroral latitudes does not, 
generally, imply location of the aurora in such latitudes. The presence of the 
19 August 1950 aurora in a geomagnetic latitude less than 36° is a decidedly 
exceptional event. Yet the associated K, figure was only 6—. Although this 
denotes a considerable degree of disturbance D it is distinctly below what would 
justify an expectation of an aurora in so low a gm latitude. For the same 3 hr 
period on the following night, 19-20 August, AK, was much higher, 8—; this 
prompted one of us (S. C.) to enquire whether the Spetsai photograph could have 
been taken on the night beginning on 19 August, but the reply was definitely 
negative. 

Values of K,, equal to or greater than 6— occur in about one 3 hr period out of 
48, and are thus fairly common, though very irregularly distributed in time. 
Values 8+ or more (that is, 8+, 9—, 9) occurred for only 46 of the 3 hr periods 
in the 20 years 1937—56—that is, for only 1 out of 1270 periods, on the average. 
Yet we know of no observations of low-latitude aurorae on the night of 19-20 
August, when K,, rose to 8+. 

Other examples of considerable deviation from close parallelism between K,, 
and low-latitude aurorae may be cited: BARTELS and CHAPMAN (1958) quote the 
case of an aurora of 20 Oct. 1957 located in gm latitude 51°N and associated with 
K, = 4°. Barrer (1957) cites a case of K, = 5+ without aurora visible from 
France. On 12-13 December 1950, between 2330 hours and 0130 hours UT, an 
interval associated with K, values 4+, 5+, an aurora was seen from latitude 
40°45’ N, 55°00’ W (gm latitude 52°); but as it rose only to an elevation of 
about 15°, it was further north than the 20 Oct. 1957 aurora. 

The IGY auroral data will permit better examination of these questions. 
Their proper answer, however, will require the continuance of the worldwide 
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auroral watch for at least some years more. It may be that the appearance of 
auroras in low latitudes depends not only on the value of K, at the time, but also 
partly on earlier values, and on the mode of variation of K,. 


7. THe NEED FOR INCREASED AURORAL VIGILANCE IN Low LATITUDES 


This aurora of 19 August 1950 may serve as a text to emphasize the need 
for increased vigilance and activity in auroral observation in low latitudes. One 
of us (W.N. A.) saw the aurora without realizing what it was. Accordingly, 
instead of taking further photographs of it, or watching it to observe its changes 
and duration, he immediately proceeded, as dawn was breaking, to develop the 
plate here discussed. Only later, on reading an account of the great aurora of that 
day, did he recognize what he had photographed. Thus he missed the rare 
opportunity of watching it (or further photographing it) during the remaining 
minutes of darkness. He was not on the alert for observing aurorae. 

Not until many more people in low latitudes become aurora-conscious will 
the rare and intensely interesting low latitude aurorae be properly recorded. 
The Japanese National IGY Committee is to be congratulated on its installation 
of an all-sky camera at Tokyo (gm latitude 25°4’N), for use on the rare occasions 
when an aurora comes within its range. It is much to be hoped that this example 
will be followed elsewhere, and that meteorologists and astronomers will personally 
keep the auroral possibilities in mind and encourage others to do so. It is also 
important that preparation be made to determine the spectrum of unusual 
luminosities in the skies of low latitudes. In particular, it is desirable to ascertain 


whether the light includes components which require for their production an 
energy of excitation greater than that associated with the airglow. 


Acknowledgements—We are indebted to D. C. W1LpER of the Geophysical Institute, 
College, Alaska, for the preparation of the figures for this note. 
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Note AppeEep In PRoor 


SEVERAL leaders in auroral observation have been consulted in the hope of 
obtaining further reports of the aurora of 18/19 August 1950. Negative reports 
were received from: A. FERREIRA, Lisbon (through Miss Bot ey), for Portugal, 
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Madeira and the Azores; N. GOKDOGAN, Istanbul, also for the Kandilli Observatory ; 
F. Jacka, Melbourne, for Southern Victoria and Tasmania, Australia, overcast at 
the time (but see pp. 62-64 of the Australian National Antarctic Research 
Expedition Interim Report No. 5, for Observations of Aurora Australis—Macquarie 
Island, May 1950—April 1951); J. Paton, Edinburgh, for Scotland (then overcast) 
and O. SCHNEIDER, Buenos Aires, for 8. America. 

Positive records were reported by A. I. LEBEDINSKy, Moscow, who sent the 
attached list (Table 1) prepared by Mrs. Atsureva of Nizmir; the observations 
overlapped the two 3-hour periods 18—21 and 21-24 UT on 18 August, preceding 
that in which the Spetsai photograph was taken; the corresponding K,, figures 
were 4, and 5-. The observations apparently did not continue after (at latest) 
1 a.m. local time. 

After the U.S.A. observation at Nantucket, Mass., as late as 0530 UT on 
19 August, the next records of aurora are those reported by I. L. THomMsEN of 
Wellington, New Zealand, beginning at 0747 UT. The K, index in the intervening 
interval 0300-0600 UT was only 4+. The New Zealand observations began in 
the 3-hour interval 0600—0900 for which K, was 6—. They may be considered as 
the beginning of a new and greater auroral storm extending over 19/20 August, 
for which the data are more numerous, but they will not be further considered 


here. 
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Some measurements of horizontal movements in region-F2 
using widely spaced observing stations 


L. THomas 
Department of Physics, University College of Swansea 


(Received 10 July 1958) 


Abstract—The results of a study of horizontal movements in region- F'2 using a system of stations spaced 
some 200 km apart are described. Vertical incidence recordings were used to study corresponding 
fluctuations at the three stations in the critical frequency and in the equivalent height of reflection at a 
fixed frequency. 

The measured velocities ranged from 40 to 280 m/sec and the direction of travel of the perturbations 
was mainly towards the South-east. A limited number of simultaneous observations at a station some 
650 km north of the main group showed that these large-scale irregularities travel such distances with 
little change in direction but there is clear evidence for larger velocities at more northerly latitudes. A 
comparison of the velocity magnitudes deduced from the two parameters (critical frequency and equi- 
valent height) indicates a positive height-gradient of velocity of the order of 1 m/sec per km within region- 
F2. The results also suggest that the height gradient is larger in winter than in summer and larger near 
the lower edge of the layer than at the peak. Correlation, over both long and short periods, was observed 
between velocity magnitude and the degree of magnetic activity. 


1. INTRODUCTION 


Strupies of horizontal movements in region-F of the ionosphere have been made 
by Munro (1950), CHAPMAN (1953), BRAMLEY (1953), Briges and SPENCER (1954) 


and others. Various methods have been employed but they all depend directly 
or indirectly on identifying and tracking some irregularity in the reflecting layer. 
In the experiments considered in this paper movements in region-f'2 have been 
studied by comparing ionograms taken at three widely spaced observatories. 
Most of the measurements deal with perturbations in the F2-layer critical fre- 
quency and consequently refer to the level of the peak of the layer but some 
supplementary data on drifts at a lower level were also obtained from measurements 
of equivalent height changes at a fixed frequency. In general, three observing 
stations spaced from 180 to 300 km apart were used, but a few results were also 
obtained for a four station network, the fourth station being some 650 km north of 
the main group. 
2. EXPERIMENTAL ARRANGEMENTS 


In the present work ionograms obtained at three widely spaced stations, 
Slough, Swansea and Bangor, were examined for corresponding irregularities and 
from measurements of the times at which such irregularities occurred at the 
different stations the horizontal component of movement in region-F'2 was esti- 
mated. The relative dispositions of the three stations is shown in Fig. 1. 

In some experiments ionograms were also available from a fourth station, 
Inverness, located some 650 km north of the Swansea-Slough baseline. 

The period of observation extended from June 1951 to August 1953, but the 
preparation and publication of this paper have been delayed owing to the author’s 
absence on National Service. In general, ionograms were taken for 3 days/month 
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at approximately 10 min intervals, but in certain months additional records were 
obtained continuously for a period of 1 hr before and after noon. Initially, obser- 
vations were made by both day and night but due to the few irregularities observed 
during the night it was soon decided to limit the observations to the daylight 
period, approximately between 0900 and 1700 GMT. The greater frequency of 
irregularities in the region- #2 during the daylight period is illustrated by the fact 
that in the first 15 days on which observations were made forty-four perturbations 
in region-F'2 suitable for the present studies were observed between the hours 
0800 and 1800 GMT, whereas only twelve irregularities were observed in the re- 
maining hours of the day. 


Bangor 
Inverness 


ae 


232 km Slough 





Fig. 1. Observing stations. 


Two F2-parameters have been used to examine the horizontal movements: 

(a) the ordinary ray critical frequency f,F2, 

(b) the equivalent height of reflection for the ordinary ray at 5 Mc/s; 

It is clear that perturbations in the former of these will refer to the level of the 
peak of the layer whereas those in the latter will refer to variations in the height 
of a contour of constant ionization density. This contour will certainly be at a 
lower level than that of the peak and it was anticipated that the two sets of 
observations would furnish some information on drift velocities at two levels 
within region-F2. The choice of the fixed frequency for studying the equivalent 
height perturbations was governed by the seasonal and diurnal changes in f,F'1 
and f, 2 over the whole period of the observations. 

Typical perturbations in these two parameters used in the present study are 
shown in Figs. 2 and 3. In Fig. 2 a perturbation in f,/2 moving southward and 
observed successively at Bangor, Slough and Swansea is shown. It will be seen 
that variations of from 0-2 Mc/s to 0-5 Me/s (representing changes of from 8 to 
20 per cent in the peak electron density of the region) are recorded with time 
delays of up to 14 min at the three stations. 

A typical perturbation in equivalent height at 5-0 Mc/s moving south-westwards 
and observed successively at the three stations is shown in Fig. 3. In general, the 
amplitude of the variations amounted to between 25 km and 50 km in equivalent 
height, but sometimes corresponding variations of smaller magnitude were also 
recorded at the three stations. The variation in true height of reflection would, of 
course, be considerably smaller than this. It is probable that some of the variations 
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in equivalent height arose indirectly as a result of critical frequency variations, 
but there were many occasions on which the variations in one parameter occurred 


without any measurable change in the other. 
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Fig. 2. Typical perturbations in f,/'2 observed at three stations. 
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Fig. 3. Typical perturbations in h’ (5-0 Me/s) observed at three stations. 


2.1. Accuracy of the measurements 

For the purpose of estimating the time shifts between the occurrence of 
corresponding irregularities at the three stations all available measurements of 
the two parameters f,/2 and h’ at 5-0 Me/s were plotted against time and smooth 
curves drawn through the points. In many cases measurements were only available 
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at one or other of the stations at intervals of from 10 to 15 min, and this gave rise 
to some uncertainty in the determination of a maximum or minimum in the 
plotted curves. However, for a number of days, measurements were made con- 
tinuously at all three stations over a period of 2 hr (1 hr in the morning and 1 hr 
in the afternoon) and we have used these continuous measurements to form some 
estimate of the inaccuracy likely to arise in the velocity vectors when calculated 
from measurements at 10-15 min intervals. We find that in general this error 
due to uncertainty in fixing the times of maxima or minima may be expected to be 
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Fig. 4. Distribution of drift velocities based on f,/'2 measurements: 
(a) magnitude, (b) direction. 


about +30 m/sec in the magnitude of the vector and to about -+10° in the calcu- 
lated direction. 

It is to be added that for various reasons it was found necessary to reject a 
number of cases in which clear correlation existed. These included cases in which 
the irregularities occurred in very rapid succession at all the observing stations 
indicating very large apparent velocities of horizontal movements (of the order of 
500 m/sec and larger). Other cases excluded were those in which an irregularity 
appeared to have undergone such a marked change of form during its travel 
between the widely spaced observing points as to make correlation uncertain. 


3. EXPERIMENTAL RESULTS 

3.1. Drift velocity based on measurements of fF 2 

3.1.1. Magnitudes. In the course of these experiments eighty reliable values of 
drift velocity deduced from irregularities in fj /2 were obtained and Figs. 4(a) and 
4(b) show the distribution of velocities (magnitude and direction) obtained. It will 
be seen that the magnitudes are distributed over the range from 40 m/sec to 280 
m/sec with most frequent values in the range from 120 to 140 m/sec. The median 
value is 155 m/sec. 

The direction of movement shows a predominance of drift towards the south 
with about 60 per cent of the values in the SE quadrant. Very few drifts were 
observed in the SW-NE sector. 
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3.1.2. Seasonal changes in velocity. Although the observation programme ex- 
tended over the 2 year period June 1951 to August 1953 it was only from February 
1953 that observations were possible at monthly intervals. Hence, in examining 
the present data for evidence of a seasonal variation, the results for months of 
different years have been interposed with each other to give data for a complete 
year. The results are given in Figs. 5(a) and 5(b) and include all measurements 
in the period 0900-1700 GMT. Fig. 5(a) shows that the magnitude of the drift 
vector varied considerably from month to month and in these data there appears 
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Fig. 5. Seasonal variation in velocities (median values): (a) magnitude; (b) direction. 
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to be little significant evidence for a seasonal variation. However, if noon data 
alone are considered there is some evidence indicating that the average velocity 
magnitude is larger in winter than in summer (see below). Fig. 5(b) shows that the 
direction of movement varied from about 150°-170°E of N in winter to about 
120°-140°K of N in summer. 

3.1.3. Diurnal changes in velocity. Magnitude. The diurnal variation in the 
magnitude of the drift vector is shown in Fig. 6(a). It will be seen that in both 
winter and equinox the drift velocities are at a maximum around noon but in 
summer the data indicate a minimum near noon. 

Direction. (Fig. 6(b).) In winter the direction of drift shows a gradual anti- 
clockwise rotation from about 200° E of N near 1000 GMT to about 60° E of N in 
the late afternoon. There is some evidence for a reversal of this tendency in the 
early evening. 
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At the equinox period there appears to be no significant variation in direction 
between 0800 and 1800 GMT the drift always being in the 160°-180° sector. In 


the late afternoon there is again some evidence for a clockwise rotation of the 
vector towards the south-west. 
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Fig. 6. Diurnal variation in velocities in winter, equinox and summer: 
(a) magnitude; (b) direction. 


In summer there is little variation in direction over the day, the mean direction 
being about 140° E of N. 

3.1.4. Influence of magnetic activity. In Fig. 7 the magnitude of the drift velocity 
over the period 1000-1400 GMT is plotted against the magnetic disturbance 
index K as measured at Abinger and Eskdalemuir. It will be seen that for values 
of K less than 2-5 there is no evidence for a dependence of the velocity on the 
magnitude of A but for larger disturbances there is a definite increase of velocity 
with increased activity. A correlation with magnetic activity is also shown in 


Fig. 8 in which the monthly median velocities and magnetic activity indices K 
are plotted. 
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The AK-magnetic indices are normally only published for 3 hr intervals and it 
is of interest to examine the existence or otherwise of detailed correlation between 
drift velocity and magnetic disturbance within a 3 hr interval. Unfortunately, 
the intervals over which drift measurements were available were seldom periods 
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Fig. 7. Velocity magnitude and magnetic disturbance index K 
(mean value for Abinger and Eskdalemuir). 
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Fig. 8. Monthly median drift velocity and magnetic disturbance index K 
(mean of Abinger and Eskdalemuir). 
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of great magnetic disturbance but we were able to select a few periods in which a 
measurable change in magnetic activity and in velocity occurred within a period of 
hours. Two examples will be quoted here. In each we have measured on the original 
magnetograms the range in the horizontal component of the earth’s field over 
half-hourly or hourly intervals. Fig. 9(a) shows the variation in velocity and 
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horizontal range (#;,) over a magnetically quiet period of about 8 hr. It will be 
seen that although the 3 hr magnetic index remains constant at K = 1 there was 
a measurable perturbation in H amounting to about 15 y which coincided in time 
with a large variation in the drift velocity. Fig. 9(b) shows another example in 
which A varied from 1-5 to 3 with a maximum within a 9 hr interval. In this K 
showed a slight maximum in the 3 hr interval 0900-1200 GMT whereas the more 
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Fig. 9. Examples of perturbations in magnetic field and in drift velocity 
over periods of a few hours. 


detailed variation in activity, as shown by R,,, showed that the actual maximum 
in activity occurred at the beginning of the interval. 


3.2. Drift velocity based on measurements of h’ at 5-0 Mes 


Fig. 10(a) shows the distribution of velocity magnitudes for fifty-one measure- 
ments of equivalent height perturbation on the fixed frequency 5-0 Mc/s. It will 
be seen that the overall range of velocities observed is about the same as that 
found for the critical-frequency observations but the distribution indicates a 
rather smaller proportion of large values. The median velocity is 142 m/sec 
(compared with 155 m/sec for the set of critical-frequency measurements). 

The direction of drift (Fig. 10(b)) shows a complete absence of values in the 
NW quadrant. About half the values are in a southerly direction with a smaller 
but significant proportion towards the NE. 


130 





Some measurements of horizontal movements in region-F'2 


Although the number of fixed-frequency drift measurements was considerably 
smaller than that obtained from critical-frequency perturbations it is of interest 
to note the order of magnitude of the average velocities found in the daylight 
period in the three seasons. These were: summer 135 m/sec, equinox 107 m/sec 
and winter 165 m/sec. (The winter figure is based on only 2 days measurements 
and is less reliable than those for summer and equinox.) 

There were insufficient numbers of observations to yield any significant infor- 
mation on a possible diurnal variation either in magnitude or direction of the 
drift velocities but we were able to confirm that in these measurements, as with 
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(a) (b) 
Fig. 10. Distribution of drift velocities based on measurements of /:’(5-0 Me/s): 
(a) magnitude; (b) direction. 


those on critical-frequency changes, there was a significant positive correlation 
between magnetic activity and drift speed. 


3.3. Observations over an extended base line 

At certain periods during these experiments frequent ionospheric soundings 
were also made at Inverness, a station some 650 km north of the Swansea—Slough 
baseline. A comparison of the data from the four stations showed that only on 
rare occasions could definite correlation in equivalent height perturbations be 
detected at all four stations but that a number of examples of correlation between 
comparatively large variations in f,/2 could be detected. Over a period of 10 
days some nineteen reliable results were obtained for this four station system. 
For these nineteen results it was found that the median velocity deduced from the 
data for the three southerly stations (Bangor, Slough, Swansea) was 179 m/sec in 
a direction 146° E of N. If data from Inverness, Slough and Swansea were used the 
mean velocity was found to be 235 m/sec in a direction 151° E of N. Thus it would 
appear that these large scale disturbances which appear at all four stations move 
southward in a fairly constant direction but that the velocity of movement is 
larger at northern latitudes and decreases considerably as they come towards the 
south. 

4. Discussion oF RESULTS 

Long series of measurements on F2-layer drifts with which the present results 

can be compared have been made by PuHILLies and SPENCER in England and by 


Munro in Australia. 
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PuHILtirs and SPENCER used the closely-spaced-receiver fading method on 
frequencies between 2 and 4 Mc/s and a summary of their results for the period 
1949-1953 has been published in the survey report by Briaas and SPENCER (1954). 
As Brices and SPENCER point out, results obtained by the fading method on 
movements in region-F may sometimes be open to doubt especially during the 
summer day-time when the sounding frequency (4 Mc/s) is not much greater than 
the E-region critical frequency. However, for this present discussion we shall 
consider the measurements as given in the published report, the possibility of 
uncertainty in the values for the summer day-time period being borne in mind. 

The southern hemisphere measurements of Munro involved the observation 
of irregularities in equivalent height using three fixed-frequency transmissions on 
a frequency of 5-8 Mc/s. The separation of the transmitters was of the order of 
tens of kilometres whereas in the present experiments the observing points were 


some 200-300 km apart. 


4.1. Magnitude of velocity 

The median drift speed for eighty observations in the daylight period in the 
present experiments is 155 m/sec. These measurements will refer to the level of the 
peak of the F2-layer and in this connexion it isrelevant to note that the average value 
of f,F2 for the period of the measurements was about 6-5 Mc/s. The median 
velocity from the 5-0 Mc/s equivalent height measurements is a little smaller, viz. 
142 m/sec. The corresponding median value deduced from the Cambridge results 
on 4 Me/s is 37 m/sec and that given by Munro’s observations on 5-8 Me/s is 
128 m/sec. The median values found in the present experiments are thus somewhat 
larger than that given by Munro and are several times that given by the fading 
method. In making this comparison between the three sets of results the following 
points have to be noted: 

(a) Different methods of measurement are involved and the spacing between 
the observing stations varies from a few hundred metres to some hundred kilo- 
metres. 

(b) Two sets of results refer to latitude 51°N whereas the third refers to latitude 
34°8. 

(c) The measurements refer to different levels in the F-layer since different 
frequencies have been used. 

Although the points of difference (a) and (b) are not to be ignored, there are 
strong grounds for believing that the really significant feature is (c) and that the 
overall results probably indicate a marked positive gradient of velocity in the 
F-layer of the ionosphere. 

Support for this view is given when data for the separate seasons are considered. 
Table 1 shows the mean day-time velocities in the three seasons, summer, winter, 
equinox for each set of measurements. 

It will be seen that in the winter and equinox seasons the larger velocities are 
found on the high frequencies. In summer the average value of f, 2 at the time 
of the Swansea experiments was quite near the frequency used by Munro and in 
this season the drift magnitudes are also equal. It will also be noted that for all 
the sets of results winter velocities are larger than those in summer, but that only 
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in the case of the 4 Me/s results do the equinox values lie between those for summer 


and winter. 

In the absence of precise information on ionospheric conditions at the time of 
the various measurements only an approximate estimate can be made of the height 
gradient of velocity which these measurements indicate. Rough estimates of the 


Table 1. Average velocity (m/sec) over period 1000-1400 GMT 





Deduced from Summer 1quinox Winter 


Cambridge 4 Mc/s (fading) 25 36 80 
Swansea 5 Me/s (equivalent height) 135 107 * 
Sydney 5-8 Mc/s (equivalent height) t 130 110 133 
Swansea (critical frequency) 130 180 170 
(5-4 Me/s) (6-5 Me/s) (7-2 Me/s) 





* Insufficient data available. 
+ Results for Sydney refer to time interval 0900-1600 Eastern Australian Time. 


true levels of reflection of the various frequencies involved have been made and 
Table 2 shows the estimated gradients based on the Cambridge, Sydney and 


Swansea results. 
Great reliance is not to be placed on the magnitude of the winter value of 4-4 


Table 2. Approximate estimates of height gradient of velocity 
g ) 
(m/see per km) 





Deduced from Summer Winter 


Cambridge (4 Me/s) 
Sydney (5-8 Me/s) 


Cambridge (4 Me/s) | 
Swansea (critical frequency) } 





m/sec per km since this is based on a comparatively small height difference but 
these figures suggest that over the height ranges considered (180-250 km) there is 
a larger gradient of velocity in region-/'2 in winter than in summer and also a 
smaller gradient towards the peak of the layer than near the lower edge. An 
additional estimate of the order of magnitude of the height gradient of velocity is 
provided by comparing velocities based on critical frequencies measurements with 
those deduced for the same days from equivalent height measurements at 5-0 Mc/s. 
Such a comparison indicates an average gradient of about 1 m/sec per km for a 
sample of fifty measurements spaced over both summer and winter months. 
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4.2. Direction of drift 

The published work of Munro (1950, 1953) reveals two or three significant 
features concerning the direction of drift in region-F'2 as observed at Sydney. 

(a) Throughout the year the mean direction of drift in the day-time is towards 
the east—in every month the median direction lies in the sector between 20° and 
150° E of N. 

(b) There is a marked seasonal change in direction with a swing (occurring 
abruptly at the equinoxes) from 20° E of N in local winter to about 110° E of N 
in local summer. 

(c) In local winter there is a steady rotation in the drift vector from about 
50° E of N at 0900 Eastern Australian Time to about 15° E of N near 1500 EAT. 
Munro also states that there is some evidence in his results for a significant change 
of direction from towards the east in the day to towards the west at night. 
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Fig. 11. Diurnal variation in direction of drift velocity at Cambridge (4 Mc/s—fading method). 


Examination of Fig. 5(b) shows that both the general direction of drift and 
seasonal change in direction found by MunRo are also evident in the present results. 
Thus the median direction always lies between 100° and 180° E of N and whereas 
the mean direction for the months of November, January and February is 168° 
E of N, the mean for the months June, July and August is 126° E of N, repre- 
senting a swing of 42° towards the north from local winter to summer. MUtNR0’s 
result gave a swing of 90° towards the south from local winter to summer. 

The diurnal variation in direction in winter is also found in the present results. 
Fig. 6(b) shows that the drift vector rotates from 200° E of N near 1000 GMT to 
about 50° E of N between 1600 and 1700 GMT, a rotation of 150° towards the 
north as the day proceeds. After 1700 GMT there is some evidence for a rapid 
swing back towards the south and this might well fit in with the suggestion that 
at night the direction of drift is towards the west. 

Fig. 11 shows the diurnal variation in direction in winter observed on 4 Me/s 
by the fading method and comparing this with Fig. 6(b) shows that there is quite 
remarkable agreement between the two sets of measurements. Both curves show 
the steady swing of the drift vector towards the north between 1100 and 1600 GMT 
followed by a rapid swing back towards the south between 1600 and 1800 GMT. 
Between 1800 and 0900 GMT the 4 Mc/s results also show that the drift is towards 
the west as suggested by Mtunro’s results. 
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The present results do not show any well defined diurnal variation in the 
direction of drift in summer between 0730 and 1600 GMT but there is some sug- 
gestion of a change in direction from about 230° E of N near 0500 GMT to about 
40° E of N near 1800 GMT. The only published values with which these can be 
compared are those from the 4 Mc/s fading method. These show a marked swing 
from 280° to 30° near sunrise with a rotation back to the original direction again 
near sunset. 


4.3. Drift velocity and magnetic activity 

The present work on the movement of large-scale irregularities in region-F'2 
shows that there is some positive correlation between the magnitude of the drift 
velocity and the degree of magnetic activity. For all the available data the 
correlation coefficient between mean velocity magnitude and K, (the planetary 
index of magnetic activity) is 0-65 + 0-2. Although Fig. 7 shows that the drift 


7.8 














| 

















300 400 500 O 
Velocity, m/sec 
Fig. 12. Velocity magnitude and magnetic disturbance index K. Curve A: Cambridge results on 
4 Mc/s. Curve B: Manchester radio star studies. Curve C: Swansea f,/2 perturbations. 





velocity does not appear sensitive to changes in K when this index is less than 
about 2-5, we have found that in some cases quite small perturbations in the 
magnetogram trace coincided with enhanced velocities. Further evidence for the 
dependence of velocity on magnetic activity is provided by the results from the 
four station network in which the velocities based on ionograms from the northern- 
most station (Inverness) were distinctly larger than those based on the more 
southerly stations. This might be interpreted as showing that higher velocities 
occur at latitudes nearer the zone of auroral and magnetic activity. A similar 
result has been found in studies of radio star scintillations (MAXWELL, 1954). 
Radio star scintillation studies also show the general dependence of velocity 
magnitude on magnetic activity but the velocities of the irregularities detected in 
these methods (located near the 400 km level) appear to be more sensitive to 
disturbance than is found from ordinary radio sounding experiments. 

Fig. 12 shows three experimental curves relating drift velocity to magnetic 
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disturbance index K at this latitude. Curve A refers to F-layer drift measurements 
at Cambridge by the fading method using a frequency of 4 Mc/s. Curve B is that 
obtained in radio star studies (MAXWELL, 1954) and curve C is that obtained from 
the present studies on the movement of irregularities at the peak of the F2-layer. 
It will be seen that for the high-level irregularities responsible for radio star 
scintillations there is a measurable increase in velocity even for the smallest 
changes in activity. In the case of irregularities near the peak of the F2-layer 
(curve C) the response begins for values of K above about 2-5 but the increase is 
not as marked as for the scintillation irregularities. For the 4 Mc/s drift results 
(which refer to a considerably lower level in the F-layer), there appears to be no 
response for values of A less than 4-0. At much lower levels in the ionosphere, 
measurements on #-layer drift velocities show that the velocity is only increased 
in periods of severe magnetic activity. The experimental facts for temperate 
latitudes thus appear to indicate a greater sensitivity of drift velocity to magnetic 


Fig. 13. Velocity magnitude and 

magnetic disturbance deduced from 

Munro’s results showing some 

tendency for negative correlation. 
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activity with increasing altitude. Measurements by CHAPMAN (1953) using the 
fading method at Ottawa, a station nearer the auroral zone than those considered 
above, shows that in the #-layer there is again little response to activity if A is 
less than 4-5 but that #-layer velocities increase regularly from the lowest values 
of K. 

Martyn (1947, 1948) has shown that horizontal movements in F?2 arise as a 
result of electro-dynamic forces which have their origin in the lower ‘‘dynamo”’ 
region. It is thus not unexpected that there should be some correlation between 
drift velocity and magnetic activity. However, the different degree of sensitivity 
which is apparent at different levels suggests that in the H- and F-layers there are 
probably additional factors influencing drift velocity but that at the highest levels 
the governing factor may be more completely electrodynamic in character. 

In his discussion of F-layer drift measurements at latitude 34°S, Munro (1950) 
makes no reference to any correlation with magnetic activity but Price (1954) 
states that for measurements at 30°S no correlation between drift velocity and 
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magnetic activity could be detected. We have re-examined some of the experi- 
mental data published by Munro and this would appear to show that there is a 
small but definite negative correlation between velocity magnitude and magnetic 
activity. Fig. 13 shows a plot of velocity magnitude measured by Munro near 
Sydney and magnetic disturbance index-K measured at the Toolangi Observatory 
(about 600 km from Sydney). Two sets of points are plotted. The first refer to 
monthly median values measured by Munro between April 1948 and April 1949. 
The second set have been deduced from a set of daily values given by Munro for 
the month of November 1948. It will be seen that both sets of measurements 
suggest a weak negative correlation between velocity magnitude and magnetic 
activity, at least for the limited range of K from 1-5 to 4-0. Unfortunately, no 
data were available for conditions of great magnetic disturbance but it seems possible 
that the variation shown in Fig. 13 may perhaps correspond to the lower parts of 
curves A and C (Fig. 12), both of which show some degree of negative correlation for 
low magnetic activity. 

In the course of this work a few examples were noted of detailed correlation 
over a period of a few hours between drift velocity and magnetic activity. Inall cases 
the correlation observed was between the velocity and R,, therange in the horizontal 
component of the magnetic field and maxima in the one were accompanied by 
corresponding maxima in the other. 
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Abstract—A detailed consideration of the behaviour of the normal #-region shows the existence of minor 
perturbations from the classical Chapman theory. It is shown that some of these differences can be 
ascribed to the influence of vertical drift of ionization resulting from the interaction of the earth’s mag- 
netic field and the S,-current system flowing in or near the H-layer. The resulting distortion of the 
electron density profile of the H-layer is considered, with particular reference to its effect on the values 
of the parameter f,/ at different latitudes. The diurnal and seasonal changes in the magnitude of the 
east-west component current are clearly reflected in the variations of f,£, and an index n, measuring 
the sensitivity of the H-layer to seasonal changes, shows marked singularities near the latitudes of the 
S,-foci. 

An analysis of conditions on magnetically disturbed days is also given, and it is concluded that at 
temperate latitude stations there is a depression in fH at times of magnetic disturbance comparable with 
the magnitude of that associated with the vertical drift effect of the S,-current system at noon in the 
summer. Reference is also made to conditions near and within the auroral zone. Consideration of the 
effect of sporadic #-ionization shows that this does not appear seriously to influence the tabulated values 


of fE. 
1. INTRODUCTION 


THERE is now abundant experimental evidence that the ionization of the normal 
region-E’ of the ionosphere is closely governed by solar ultra-violet radiation. 


The diurnal and seasonal variations in the critical frequency of this layer are 
remarkably regular, and the long-term changes are also closely associated with 
corresponding changes in the intensity of the incoming radiation. In recent years, 
however, careful measurements of H-layer characteristics have revealed the 
existence of certain anomalies between experimental data and results expected 
from the usual Chapman theory of a solar-produced ionized layer. 

Hitherto, studies of the world pattern of ionospheric phenomena have largely 
been confined to region-F'2, partly because the various anomalies of that region 
are clearly discernible in the published data and partly because of the importance 
of region-F 2 in practical radio communication problems. However, the work of 
MartyNn (1952) and others has indicated that in some important respects pheno- 
mena in region-F'2 may be profoundly affected by events in region-H. In particular, 
it is now believed that region-£ is the seat of the electric currents which flow in the 
upper atmosphere and are responsible for the diurnal quiet-day S,-variations of 
the magnetic elements, and it has become important to analyse critically the 
published data for this region. In this paper we discuss the behaviour of the 
#£-layer under magnetically quiet and disturbed conditions, and conclude that this 
shows clear evidence for the perturbing influences of the magnetic current systems. 
Although there are certain anomalies of the H-layer for which the explanation is 
not at present clear, there is little doubt that this geomagnetic distortion of the 
layer is responsible for several of the reported discrepancies between observation 
and theory. The analysis presented here is mainly confined to an examination of 
critical frequencies, and a suramary of the relevant theoretical relationships is 
first given. 
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2. SomME THEORETICAL CONSIDERATIONS 
2.1. General 
For a simple solar-controlled region, the variation of the electron density N 
with time ¢ is governed by an equation of the form 
oN 
— =gq — aN?” — div (Nv) (1) 
ot 
where q is the rate of electron production per unit volume at the level concerned, 
a is the effective recombination coefficient and v is the vector drift velocity. The 
third term on the right-hand side of this equation, expressing the influence of 
electron transport, is, in general, smaller than the other two terms. The value of 
the index p depends on the processes of electron dissipation in the region. 
The rate of electron production has a maximum value q,, given by 


Im = {To COS x 
and occurs at a height 
(h)q, = ho + H (In sec 7) 


where 7 is the solar zenith angle, q, is the rate of electron production per unit 
volume for overhead sun conditions, occurring at a height hj, and H is the scale 
height of the atmosphere at the level concerned. When 7 exceeds about 75°, 
sec y must be replaced by a function Ch(z), tables of which have been given by 
CHAPMAN (1931, 1953). Owing to changing solar activity the intensity of the 
incoming solar radiation varies, and we note that q, is related to S,, (the intensity 
of the solar radiation outside the atmosphere) by the relation 
Y 
ss (4 


Vo =z 


He 


where # is the number of electrons produced by absorption of unit energy and 
“e” is the exponential. If # and H are assumed constant, then ¢, is proportional to 
S,,. The varying distance of the earth from the sun causes S,, to be approximately 
6 per cent greater in January than in July. 


2.2. Noon conditions 
Near noon, the ionization density is in equilibrium with the ionizing intensity, 
i.e. dN/dt = 0, and if, in addition, the movement term div (Vv) is small, it may be 
assumed that in the #-layer the levels of maximum production of ionization and of 
maximum density are practically the same. In this case equations (1) and (2) give 
the approximate relation 
Gq, 008-4 = aN,” (5) 


where N,,, stands for the maximum electron density. The latter is related to the 


U 


ordinary ray critical frequency f by the expression 


N m ae kf? 


where k = 1-24 x 104 when f is in Mc/s. Equation (5) is thus 


Jo COS y = ak” f?” 
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In general, we shall write equation (7) in the form 
f* =Acouy 
so that n = 2p and A = (q,/«)k-"/?.. Equation (8) can also be written 


f =f, cos!" 


where f, is the sub-solar critical frequency, and is given by 


Pas gM (2)" k-a/2) 


a / 


[t is to be noted that f, depends on qo, «, and on the value of the index n. 


2.3. The effect of gradients of H and « 

If the scale height H is not constant, but has a height gradient / (for example 
if the atmosphere is not isothermal, or the mean molecular mass is not constant), 
then it can be shown that equation (8) takes the modified form 


f” = A, (cos x)'*’ (11) 
and equation (9) becomes 


144 

i =j,4ooay)* (12) 

A similar modification to the simple expressions (8) and (9) results from con- 
sideration of the effect of a possible height gradient of recombination coefficient «. 


2.4. The effect of vertical drift 
Martyn (1947a,b, 1948) has shown that important perturbations of an ionized 
layer may arise from the vertical component of the movement term div (Nv). The 
effect of vertical drift in distorting the electron density profile of Chapman-like 
layers has also been discussed by K1RKPATRICK (1948) and by APPLETON and Lyon 
(1954). Martyn has concluded that in region-£# the distortion due to vertical 
drift is unlikely to be large, since in this region the lifetime of the ions is compara- 
tively small and the loss of ionization due to transport is offset by the normal 
replenishment by solar radiation. He has shown that, under typical conditions, 
vertical drift in the H-layer may change the peak density by a few per cent. 
AppLeTON and Lyon have shown that the fractional change in the peak 
electron density, AN,,/.V,,, of an ionized stratum of EH-layer type due to vertical 
drift effects is given approximately by the expression 
AN,, 1 dv 1 ( v 3 
N, 2«N,,0h 4H? \2cN,, 


m 


(13) 
and that the height of the peak electron density changes by the amount 
(Ah)y = 5 (14) 


where H is the scale height in the layer and v is now the vertical velocity of electron 
drift, reckoned positive upwards. It will be seen from the second term on the 
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right-hand side of equation (13) that the change of the maximum ionization density 
is independent of the direction of drift (wpwards or downwards). If there is neglig- 
ible height-gradient of the drift velocity, or if there is a positive gradient dv/dh, 
distortion due to vertical drift may always be expected to reduce the peak density. 
The direction of drift will determine whether the height of the electron peak rises 
or falls (equation (14)), but in either case the ionization will be spread out vertically 
resulting in a diminished peak density. The effect of a negative velocity gradient 
will be to compress the ionization vertically tending to give an enhanced peak 
density, but the drift velocity itself will tend to remove this peak to another 
height, which will no longer be the height of maximum electron production. 
Whether the net result is an increase or decrease in N,, clearly depends on the 
relative magnitudes of the two terms in expression (13). It should be noted also 
that if either H or « varies significantly over the vertical extent of the ‘‘H-region”’ 
(Section (2.3)), then the peak electron density will, from this cause alone, vary with 
the height at which the peak occurs. 


3. THe EXPERIMENTAL DATA 


In attempting an analysis of the published data for region-Z# in relation to the 
theoretical considerations outlined in Section (2) above, we are at once confronted 
with certain difficulties and these will now be considered. 


3.1. The parameter fE 

In most of the analysis which follows we shall be concerned with the ordinary- 
wave critical frequency of the H-region, f,H. Values of f,# are, in general, measured 
only to the nearest 0-1 or 0-05 Mc/s, and the monthly median values are tabulated 
to the same order of accuracy. It is clear that an analysis of a considerable amount 
of data will be necessary in order to establish the reality of small perturbations of 
critical frequency. Moreover, the characteristics of the ionospheric recorders, 
and the types of “‘ionograms”’ produced differ considerably from station to station, 
and consequently when data are analysed for a variety of stations a certain in- 
homogeneity must arise. Furthermore, the procedures adopted for the scaling of 
the parameter f,# have only recently been regularized. 

In practice, it is found that only on comparatively few occasions does the 
‘‘E-trace”’ show an unambiguous critical frequency cusp of the type familiar for the 
F-trace. The normal E-layer is very frequently stratified, and it sometimes 
becomes difficult to distinguish “abnormal” layers from ‘“‘normal” layers. Parti- 
cular difficulties in scaling fH arise when traces due to “‘sporadic-#”’ ionization 
are present, or when there is heavy absorption in the vicinity of the critical fre- 
quency. In such circumstances the normal H-trace may become prematurely 
cut-off or obscured, and if no attempt is made to extrapolate the trace it might 
be anticipated that scalings of the cusp-frequency as fH will lead to erroneously 
low values. 

In this connection, attention may be drawn to the work of Bret (1951), who 
has considered the question of the scaling of the critical frequency of the H-region. 
He has proposed a somewhat arbitrary distinction between so-called normal and 
abnormal #-layers, and has also given a clear definition of the parameter fH which 
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when applied to data for Freiburg was found to reduce the variability considerably. 
It seems clear that with special effort an improvement in the quality of fE data 
can be effected, but hitherto there has been no agreed standardization of scaling 
practice. 

Before proceeding to a detailed examination of experimental fH data, it is 
clearly imperative to discover whether or not the presence of F,-ionization has 
markedly affected the tabulated values. In view of the importance of this, we 
have critically examined certain fH data for E£,-contamination and the results 
of this study are outlined below. 


3.2. The influence of E, ionization on values of fE 

Tables of published data show that £,-ionization occurs so frequently at hours 
near noon, and especially during summer months, that it is not possible to con- 
sider an analysis confined exclusively to days on which £, is absent. Examination 
of data shows that there are only a very few days when fE, is lower than fH, and 
this number is certainly too small to allow the values of fF on these days to be 
taken as representative of the true values. However, we can proceed with our 
analysis if we make use of a fact first noted by APPLETON et al. (1939) that the 
greater the intensity of #,-ionization, the lower is its height of occurrence. Hence 
it might be expected that the most intense £,-ionization will give rise to the 
largest errors in scaling fE. 

In our first examination we selected a station (de Bilt, 52-1°N, 5-2°E) for 
which both values of fE, and of h’E, were available to us. Fig. 1 shows the results 
of a superposed—epoch analysis of the A’H, data for all hours of the day over 
1954-1957, covering an 11 day period centred on a “‘zero-day”’ selected according 
to the time of occurrence of intense £,-ionization. In choosing the zero-day, an 
arbitrary criterion was used, viz., fE, > 5 Mc/s. It is clear that there is a definite 


tendency for the more intense /,-ionization to occur at a lower height, in agreement 
with the result of APPLETON eft al. (1939). A similar analysis of the published f,# 
data for the same period gives the lower curve of Fig. 2. The upper curve shows 
the mean value of fH, for the same days. It would appear that there is a depression 
of about 0-03 Mc/s on the day of very intense #,-ionization, but on the other hand, 
there are also perturbations of order +0-03 Mc/s on at least three of the other days, 
and these certainly cannot be associated with abnormal changes in the intensity of 
FE -ionization. 

In our subsequent work we shall have frequent occasion to refer to fH data for 
the stations Slough and Tokyo over the period 1952-1954. We have therefore 
carried out similar superposed—epoch analyses for these stations. Fig. 3 shows the 
results for Slough, using noon fE values (lower curve), and taking fE, > 7 Me/s 
(upper curve) as a criterion of the most intense £,-ionization (zero-day). For 
Tokyo (Fig. 4) it was possible to find a sufficient number of values of fH even on 
days when fE, > 9 Mc/s. In the case of Fig. 3 it is seen that the perturbations in 
JE are of the same order as those in Fig. 2, and that on the day of maximum /E£, 
(~8-8 Mc/s) the value of fE is possibly 0-03 Mc/s below average, but here again 
variations of the same magnitude occur on a number of the other days considered 
without any obvious associated change in fH,. For Fig. 4, a mean level of 10 Mc/s 
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Fig. 1. Superposed-epoch analysis of h’#, data Fig. 2. Superposed—epoch analysis of fH, and 
for de Bilt, all hours 1954-1957. Zero-day chosen ff} data for de Bilt, all hours 1954-1957, for same 
as fE, > 5 Me/s. days as used in Fig. 1. 
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Fig. 3. Superposed—epoch analysis of noon fH, and Fig. 4. Superposed—epoch analysis of noon fE, 
fE data for Slough, 1952-1954. Zero-day chosen and fH data for Tokyo, 1952-1954. Zero-day 
as fE, > 7 Me/s. chosen as fH, > 9 Me/s. 
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for f/E., does not appear to produce any significant depression in fH from the average 
value for the 11 days examined. 

The conclusion to be drawn from the superposed-epoch analyses for these three 
stations is that on days of very intense £,-ionization (fF, some 4 Mc/s above 
average) a depression of fH of about 0-03 Mc/s at most may occur. It is to be 
emphasized that in practice the high threshold values of fE, chosen for zero-day 
are only exceeded for a comparatively small fraction of the total observing time: 
e.g., at Slough, on the average, fH, at noon exceeds 7 Mc/s for only about 15 per 
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Fig. 5. Distribution of departures of fH on days when fE, > 5 Me/s 
at Slough for 1944-1955. Gaussian error curve shown as broken line. 


cent of the summer days, and for only about 5 per cent of the winter days. Hence 
in dealing with monthly mean data, the depressions in fH due to the influence of 
FE -ionization are likely to be considerably less than those indicated by the super- 


posed—epoch analysis. 

If the order of magnitude of the decrease in h’E, with intensification of F,- 
ionization illustrated in Fig. 1 is typical, then the fact that this only gives rise to a 
reduction of fE of about 0-03 Me/s suggests that the level of the F,-ionization is 
probably very near to that of the normal H-layer peak. An alternative possibility is 
that on those occasions when £,-ionization is significantly below the normal #-layer 
peak it is still sufficiently transparent to enable penetration of the normal F-layer 
to be observed. 

In a further attempt to detect a possible influence of #, we have considered 
the noon values of fE observed at Slough over a period of 12 years on those days 
for which fE£, was greater than 5 Mc/s. The departures, AfE, of these values from 
a smooth curve drawn through the remaining values of fF (i.e. those for days on 
which fF, < 5 Mc/s) were determined. If the measured values of fH were spuri- 
ously low on the days of enhanced #, then one would anticipate a preponderance of 
negative values of AfE. Fig. 5 shows the distribution actually obtained for all 
data over the period 1944-1955 for Slough. It will be seen that in fact positive and 
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negative values occur with equal frequency and that there is no significant departure 
from a normal error distribution (shown as broken line). 

From all these results, it would appear that there is fairly conclusive evidence 
that even in the presence of the most intense £,-ionization it is possible for the 
scaling of fH to be practically unaffected. 


4. INFLUENCE OF THE S,-CURRENT SYSTEM 
4.1. Vertical drift 
It has been shown by Martyn (1953) that horizontal movement of an ionized 
region across the horizontal component of the earth’s magnetic field can give rise 
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Fig. 6. Diagrammatic representation of the latitude variation of the vertical drift velocity 
in the #-region, resulting from the influence of the S, current system. 


to quite marked vertical drifts of ionization, resulting in changes in the electron 
density—height profile of the region. The magnitude of the vertical drift velocity 
is determined by two factors: (a) the east-west component of the current, and 
(b) the strength of the horizontal component of the earth’s magnetic field (approxi- 
mately north-south). The variation of drift velocity with latitude has also been 
discussed by Martyn (1947a), who has shown that it has the form illustrated 
diagrammatically in Fig. 6. At the latitudes of the foci of the S, systems (F), the 
factor (a) is zero, and at the poles factor (b) is zero, so that no vertical drift occurs. 
Near 1100 hours LT, at latitudes between the foci and the equator, the S,-current 
is directed towards the east, so that vertical drift will be directed upward, and 
since the horizontal component of the field increases towards the equator the 
velocity will be a maximum at the equator. At the same time the current is towards 
the west at latitudes greater than that of the foci, and vertical drift is downward, 
with a maximum value at some intermediate latitude 7’. At all latitudes, the 
magnitude of vertical drift will change with local time and with the seasonal 
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variation in the strength of the currents. Furthermore, the current system becomes 
distorted in the vicinities of the magnetic equator and the auroral zone, where there 
appear to be narrow belts of maximum current density (the so-called “‘electrojets’’). 

As might be expected, the variation of the level of maximum electron density 
as the result of vertical drift is directly related to the drift velocity (equation (14)). 
However, according to equation (13) the change of maximum electron density J, 
due to the influence of vertical drift depends both on the drift velocity and on the 
vertical height gradient of this velocity. A rough estimate of the relative magni- 
tudes of the two terms in equation (13) may be gained by considering the distorting 
influence for a height change (Ah), of say 2km. Insertion in equation (14) 
of typical values of « and N,,, for summer noon at a temperature latitude station 
gives v ~ 500 cm/sec. A reasonable estimate of the velocity gradient (dv/0h) in 
the #-layer would appear to be of the order of 10 cm/sec per km (SHIMAZAKI, 1958). 
Substituting these values in the right-hand side of equation (13) and assuming a 
scale height of 8 km shows that the term involving the velocity gradient would 
give rise to a 4 per cent change in N,,, whereas the second term would contribute 
1-2 per cent. It is to be noted that the term in v? alone depends on the height 
change considered, and for (Ah), = 1 km its magnitude is reduced by a factor of 
4. This indicates that at middle and high latitudes the vertical gradient of drift 
velocity plays thé major part in determining the resultant distortion of the layer. 
We may reasonably assume that the magnitude of dv/dh will change directly 
with that of v (both becoming zero at the foci), but it is not possible to generalize 
on the type of variation of the vertical velocity with height. At levels above that of 
maximum S,-current density the magnitude of the vertical velocity within the 
current sheet will decrease with increase of height. In this height range, v and 
dv/dh will always be of opposite sign, and dv/dh will be negative on the equator 
sides of the foci, and positive on the poleward sides. Thus, if the level of the H-layer 
peak (N,,) is above that of the maximum of the S,-current, then according to 
equation (13) at middle and high latitudes downward drift will be associated with 
a depression of f£, and upward drift with an elevation of fE. It may be noted that 
APPLETON ef al. (1955) and SHIMAZAKI (1957) have given experimental evidence for 
a vertical drift influence on f# in this sense. For equatorial latitudes, the influence 
of the second term of equation (13) may modify the conclusions with regard to the 
effect of upward drift on N,,,, but the magnitude of the velocity of drift would have 
to be very large for this to be the case. 


4.2. The index n 

We have found that a very convenient initial approach in the treatment of 
values of #-region critical frequency is to use the simplified equation (8), according 
to which the relation between log cos 7 and log {EF should be linear. When con- 
sidering seasonal changes in monthly mean noon values of fF it is necessary to make 
appropriate allowances for changing solar activity, and when this is done it is 
found that the logarithmic plots are in fact substantially linear. The index n 
is then determined by the method of least squares. 

In the simple equations (8) and (11), the movement term div (Nv) of equation 
(1) has been omitted, and the assumption made that the maximum ionization 
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density occurs at the height of maximum production. If these omissions are 
serious we might expect them to influence the values of the parameters n and A 
determined experimentally. 


4.3. Variation of n with latitude 
We have examined monthly mean noon data for more than forty widely 
scattered stations ranging from 71°N to 65°S, and find that the index » shows 
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Fig. 7. Index n for stations centred approximately on the 150°E meridian, derived from 

noon values of fH for 1952-1954. Station key: (1) Adak; (2) Wakkanai; (3) Akita; (4) 

Tokyo; (5) Yamagawa; (6) Okinawa; (7) Baguio; (8) Singapore; (9) Townsville; (10) 

Brisbane; (11) Watheroo; (12) Canberra; (13) Hobart; (14) Macquarie Island. 
certain systematic variations with latitude. This can be illustrated by considering 
the latitude variation for the fairly complete network of stations located in the 
longitude zone centred near 150°E. Values of n (deduced by the method of least 
squares) for stations in this zone are shown in Fig. 7. In computing n we have used 
monthly mean noon data for 1952-1954; these are years of low solar activity and 
only minor corrections have been necessary to allow for varying month-to-month 
activity. It will be seen that there is a well defined variation with latitude, and 
although it is true that nis smaller at equatorial than at temperate latitude stations, 
it attains sharp maximum values at Tokyo (35°N) and Watheroo (30°S). A 
limited investigation of data for the period 1947-1949 (years of high solar activity) 
shows that the peak value of n at Tokyo was still present, or even accentuated. 
A second striking feature of the curve of Fig. 7 is the marked asymmetry with 

respect to the two hemispheres. We find that part of this arises from an asymmetric 
influence on fH. The value of 7 is a measure of the seasonal variation in noon values 
and consequently it is very sensitive to any influence which affects fH unequally 
in summer and winter. Now the solar distance is some 3 per cent smaller in 
January than July, and this may be expected to introduce slight asymmetry into 
the fE values. Suitable correction for this gives rise to the curve shown in Fig. 8. 
It will be seen that although most of the asymmetry is now removed, some still 
remains in the higher northern and southern latitudes. It seems possible that this 
residue may be associated partly with the magnetic asymmetry of the earth and 
partly with some residual sunspot effect. 
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We have made a similar study of » for stations in two other longitude zones 
centred on 15°E and 70°W. In these cases the networks of stations are not as 
complete as for the 150°E meridian, but it is clear that in the northern hemi- 
sphere, at least, singularities exist near latitude 30°N. In the case of the southern 
hemisphere, our results indicate a marked increase in n towards the latitude of 
Capetown (34°S), and in the case of the South American stations there may be a 
singularity at some latitude between Buenos Aires (35°S) and Falkland Islands 
(52°S). The curves for these two longitude zones also exhibit asymmetry between 
the two hemispheres. 








30 405060 
Latitude South 
Fig. 8. Index n for stations centred approximately on the 150°E meridian, derived from 
noon values of fH for 1952-1954 and reduced to a common solar distance. Station key 
as for Fig. 7. 
4.4. Explanations of the singularities in n 

The high values of x obtained for stations about 30° to 40° north and south of 
the equator strongly suggest that the values of fE are in some way influenced by 
the ionospheric S,-current systems, the foci of which are located at about +35° 
latitude. Possible explanations of the singularities can, in fact, be formulated in 
terms of (a) a seasonal shift in the latitudes of the foci of the S,-current systems; 
(b) the seasonal change in the intensity of the S,-current systems; (c) a seasonal 
change in the vertical gradient of vertical drift velocity. 

Before discussing these possibilities it may be mentioned that studies of the 
worldwide distribution of sporadic H#-ionization indicate that this ionization 
appears to exhibit a latitude variation having certain characteristic features near 
the latitudes of the S,-foci. However, the magnitude of these particular £,-changes 
is very small, and in view of the results outlined in Section (3.2) we do not consider 
that the sharp cusps of Fig. 7 can be explained in terms of an influence of sporadic-# 
on the published values of fE. The general latitude and diurnal variations of 
E-ionization noted above suggest that the sporadic-E layer is also influenced by 
the S,-current system. We shall now consider (a), (b) and (c) above. 

(a) The remarkable cusp-like appearance of the singularities in Fig. 7 suggests 
that these may arise from some differential effect on fE over the seasons. Any 
influence which changes fE equally in summer and winter will not produce a 
marked variation in the index , but if fF is reduced in one season and increased 
in the other then quite a pronounced change in » may be expected. The peak in n 
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at Tokyo in Fig. 7 could be readily explained if, in December, the effect of the 
current system is to increase /H# and, in June, to reduce it. 

The differential effect will thus be produced if we assume that Tokyo is situated 
at the mean latitude of the S,-focus, and that at the two solstices the focus moves 
respectively to the north and south. If the sense of the change of fH with the 
direction of drift is as postulated in Section (4.1) this suggestion requires that the 
current focus is to the north of Tokyo in December and to the south of Tokyo in 
June. We shall discuss below this question of the seasonal movement of the current 
foci. : 

(b) An alternative explanation of the maximum values of n in Fig. 7 is to 
suppose that they arise from the seasonal change in the strength of the current 
system. The latter is such that the vertical drift effects will be considerably greater 
in local summer than in winter. If we assume that Tokyo is situated at the latitude 
of maximum downward drift (indicated by 7 in Fig. 6), and that such drift is 
associated with depressions of fH, then the June values of f# will be reduced more 
than the December values, and the slope n will be abnormally high. 

(c) Referring to equation (13) and the remarks in Section (4.1) it is clear that 
large values of the index n can arise if there are appropriate seasonal variations in 
the height gradient of vertical drift velocity. In this case, again, maximum values 
of n would be anticipated at the latitude of maximum downward drift (7 in Fig. 6). 
In this connexion it is worth noting that there is direct experimental evidence for 
marked seasonal changes in vertical gradients of horizontal velocity in region E 
(GREENHOW and NEUFELD, 1956; Hux ey, 1957), and these might be expected 
to lead to corresponding changes in gradients of vertical velocity. 

From the foregoing it is apparent that on the basis of any of the above inter- 
pretations, these ionospheric data indicate that the mean latitudes of the S,-foci 
along the 150°E meridian are respectively equal to, or less than, 35°N and 30°S. 
It is interesting to note that an analysis of the magnetic data provided by VESTINE 
et al. (1947) indicates that, for the 150°E longitude zone, the average positions of the 
S,-foci may be placed within the ranges 30-35°N, 25-30°S. These averages are 
based on data for the International Polar Year (1932-1933) and for the period 
1922—-1933, and refer to periods of low sunspot activity. The fact that the figures 
for the average latitudes of the foci north and south of the equator obtained from 
ionospheric and magnetic studies agree may be taken as strong support that the 
interpretation of the ionospheric results in terms of the influence of the S,-current 
system is substantially correct. 

World maps of the S,-current systems have been given by CHAPMAN and 
BartTEts (1940) for a year of sunspot minimum. These indicate a shift of about 
10° in the latitudes of the foci towards the equator in local summer, i.e. in the sense 
required by explanation (a) above, and in an earlier preliminary report on this 
work (BEYNON and Brown, 1956) the authors inclined to explain the results in 
this way. A seasonal shift of the foci in the same sense has also recently been 
reported by Enpo (1957). On the other hand, an analysis of the very compre- 
hensive data on the variations in the terrestrial magnetic field published by 
VESTINE ef al. (1947) shows that over the 12 year period 1922-1933 the average 
positions of the S,-current foci, considering stations distributed over the world, 
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were slightly nearer the equator in local winter than summer. However, a closer 
study of these more recent magnetic data indicates that the seasonal shift varies 
both with respect to the magnitude and sense of the shift for stations situated along 
different meridians of longitude. Furthermore, evidence for considerable change 
in the location of the foci, even over successive days, has been given by HASEGAWA 
and Ora (1937). The experimental evidence at present available concerning the 
sense of the seasonal shift of the foci is thus inconclusive. 

tecently, we have obtained some magnetic data for the Japanese observatories 
Kakioka (36°N) and Memambetsu (44°N) for the period of the ionospheric observa- 
tions discussed here (1952-1954). We have examined the diurnal variation in the 
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Fig. 9. Index n for stations centred approximately on the 150°E meridian, derived from 
values of fE at 1500 hours for 1952-1954. Station key as for Fig. 7. 
horizontal component of the earth’s magnetic field at these stations, and find that 
for each of the years 1952-1954 the form of the variation at both places in both 
June and December is that to be expected for stations situated north of the S,-focus. 
Hence it would appear that for the years considered and for the 150°E longitude 
zone the latitude of the focus of the northern hemisphere S,-current system was 
always less than 36°N, i.e. to the south of Tokyo, in all seasons. This would 
appear to rule out an explanation of the peaks in terms of (a) alone. 

The possibilities (b) and (c) remain, and it seems likely that the actual latitudes 
at which the peaks in ” occur are determined by the net influences of (a), (b) and 
(c). There is little doubt that seasonal variations in the latitudes of the current foci 
do occur and that such variations will influence but not solely determine the 
latitudes of the peaks. Supporting evidence for a seasonal variation in the in- 
fluence of vertical drift in the sense postulated in (b) will be given in Section (4.9). 

Mention might also be made of a further possibility. Ifthe vertical depth of the 
S,-current sheet is small, seasonal changes in the height of the layer peak, and/or 
of the current sheet, may result in a seasonal variation in the magnitude of the 
resulting geomagnetic distortion. Evidence for distinct stratifications even within 
the H-region has been obtained in recent rocket experiments (see Section 4.8.2. 
below), and it seems possible that the H-layer peak may sometimes be in a current 
sheet and at other times above or below it. The observed marked reduction in the 
seasonal variation of fH (i.e. large values of the index n) at certain latitudes may 
thus possibly be explained in terms of the seasonal variations in the relative levels 
of the current sheet and of the H-layer peak. However, with present knowledge 
it is not possible to pursue this suggestion further. 
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4.5. Condition of no vertical drift 

Additional evidence for the influence of the S,-current system on {EZ is provided 
by a study of the latitude variation of nm for 1500 hours. Near this time, at all 
latitudes less than about 70°, the east-west component is very small so that 
vertical drift effects should also be much reduced. Fig. 9 shows n at 1500 hours for 
the same stations considered in Fig. 7. It will be seen that at this hour there are no 
significant singularities near latitudes 35°N or 30°S. Ifthe values of fH are adjusted 
for the varying solar distance over the year, the asymmetry of the curve in Fig. 9 
is again removed, giving a minimum value of n ~ 3 at the equator. 
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Fig. 10. Diurnal variation of index n derived from values of f# for Slough for 1952-1954, 
reduced to the common sunspot number Rk = 16. 








When the influence of the current systems is absent there remains a gradual 
decrease in » towards the equator and this may represent a real change in H-layer 
characteristics (such as vertical gradient of temperature or recombination 
coefficient) with change of latitude (see equation (11)). 


4.6. Variation with longitude 

It is interesting to note that the peaks in » found for stations situated approxi- 
mately on the 75°W meridian (see Section (4.3)) suggest that at this longitude the 
S,-foci are situated in latitudes <30°N and <(40—50°)S, i.e. some 10° southward 
compared with those for the 150°E meridian. Analyses of magnetic data for the 
75°W longitude zone by VESTINE ef al. (1947) and McN1IsuH (1937) also show that the 
mean positions of the S,-foci follow the 10° southward displacement of the magnetic 


equator. 


4.7. Diurnal variation of n 

At any given station the east-west component of the S,-system is a maximum 
on the average at about 1100 hours. Hence it would be expected that any iono- 
spheric influence of the system would show an asymmetric variation with respect 
to local noon. This prediction is confirmed by Fig. 10 which shows the index n for 
Slough (51-5°N) determined as before by the method of least squares for each hour 
between 0900 and 1500 hours. It is seen that n varies asymmetrically over the day, 
forenoon values always being greater than the corresponding afternoon ones, so 
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that the maximum is displaced about 1 hr before noon. A similar analysis for Tokyo 
yields the same result, but the diurnal change in the value of » for Tokyo is appreci- 
ably larger than that at Slough as might be expected. 


4.8. Diurnal variation of fE 

4.8.1. Temperate latitudes. Evidence for a detectable depression in E-layer 
electron density in summer near 1000 hours at a north temperate station which can 
be ascribed to the influence of the dynamo current system has been given by 
AppLetTon ef al. (1955). In order to examine whether the magnitude of this 











Fig. 11. Diurnal variation of fE at Slough for solstice and mean equinox months, 1944—1953. 
Full-line curves: theoretical variation; * observed June; @ observed equinox; 
A observed December. 

depression varies with the seasonal change in the strength of the S,-currents we have 
considered the diurnal variation of fF for the solstice and equinox months for 
Slough, averaged over 10 years, and the results are shown in Fig. 11. The curves 
have been fitted to the observations for the early morning and late afternoon hours, 
and they represent the theoretical variation of fE to be expected in the absence 
of any perturbing influences. It will be seen that in summer significant depressions 
in fF occur over the period 0900-1400 hours with a maximum depression near 
1100 hours. At the equinox the perturbations are much smaller, and they are 
apparently absent in winter. These long-term averages would thus appear to con- 
firm that downward drift is associated with a decrease in ionization density, and 
that the effect is most marked when the current is a maximum. 

However,a study of the variationin f# on individual days shows that a depression 
certainly does not occur at 1000-1100 hours every day. The experimental evidence 
is that on most days a significant “‘bite-out”’ appears at some time between, say, 
0900 and 1400 hours, and examples can be found when the diurnal variation appears 
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quite free from any perturbing influence. It is also worth noting that whereas 
a bite-out can often be detected on most days within a month, it is sometimes 
found that this is smoothed out in the monthly mean diurnal curve because the 
hour of occurrence varies so much from day to day. 

If the above-mentioned depressions in fH are attributed to the influence of the 
S,-current system, then the variability in the time of occurrence of the depression 
is not unexpected, since it is well established that there is a considerable day-to-day 
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Fig. 12(a). Lower curve: diurnal variation of AH (departure of the horizontal component 
of the magnetic field from the daily mean value) at Abinger for June, 1955-1957, averaged 
for all days when the minimum value occurred between 0900 and 1000 hours GMT. 
Upper curve: diurnal variation of fH at Slough for June 1955-1957, averaged for the 
same days used in the lower curve. Full-line curve: theoretical variation; 
x observed values. 
variability in the position of the S,-current system relative to the noon meridian 
and also in the intensity of the currents (BARTELS, 1949). On those days when the 
S,-currents exert no perturbing influence and the diurnal variation of fH is quite 
smooth, it may be that the currents are weak or that the level at which they flow 
is not sufficiently near the H-layer peak (see Section (4.8.2) below.) The day-to- 
day variability in the magnetic data can, in fact, be usefully employed to demons- 
trate the associated distortion in the H#-layer. For this purpose we consider data 
for two groups of days in the month of June for the 3 years 1955-1957. The first 
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group consists of all those days (34 in number) on which the maximum east—west 
component of the S,-current system occurred at this latitude between 0900 and 
1000 hours GMT, and the second all days (18) for which the maximum occurred at a 
significantly later time, viz. between 1200 and 1300 hours GMT. The time of 
maximum east-west current was obtained from hourly values of the horizontal 
component of the earth’s magnetic field observed at the Abinger Magnetic 
Observatory. Figs. 12(a) and 12(b) show the mean departures of the horizontal 
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Fig. 12(b). Lower curve: diurnal variation of AH (departure of the horizontal component 
of the magnetic fieid from the daily mean value) at Abinger for June 1955-1957, averaged 
for all days when the minimum value occurred between 1200 and 1300 hours GMT. 
Upper curve: diurnal variation of fE at Slough for June, 1955-1957, averaged for the 
same days used in the lower curve. Full-line curve: theoretical variation; x observed 
values. 
component of the field between the hours 0600 and 1800 and the corresponding 
mean diurnal variation in the critical frequency. The curves give the theoretical 
variation of fE fitted to the early morning and late afternoon values. It will be 
seen that there is a perceptible difference in the behaviour of fH in the two groups 
of days. In the first group, definite departures are to be seen from 0900-1000 hours 
onwards, whereas in the second group no significant effect is noticed until 1200- 
1300 hours. In both groups the recovery seems to be complete by 1500 hours as 
might be expected. It would appear too that the magnitude of the depression in 
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fE is larger for the first group than for the second. This may be associated with the 
fact that in the morning the vertical drift due to the S,-currents is in the same sense 
as the normal diurnal change in the level of the layer, whereas in the afternoon the 
height changes are in opposite senses. 

It is relevant to note that the mean diurnal variation of fH, for the two groups of 
days showed no significant differences, thus confirming that the fH#-changes 
exhibited in Fig. 12 are not to be attributed to an influence of sporadic-F ionization. 

In view of the possible ambiguity involved in scaling the parameter f/, outlined 
in Section (3.1), we have also examined a number of individual ionograms taken 
at stations in this latitude, and carefully measured the diurnal variation in the 
parameters indicated by fB and fA in Fig. 13. These types of transition from 
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Fig. 13. Typical h’f traces observed in the transition from the E- to F-layers. 
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the E- to the F-layer are of comparatively frequent occurrence, and although the 
true value of fH is not directly observable one can infer that it must lie between 
fBand fA. In fact, there are good grounds for believing that in Figs. 13(a) and (b) 
the parameters fA and fB respectively are fairly reliable measures of the true 
E-layer critical frequencies. It is also to be emphasized that although the magnitude 
of the frequency fB may be affected by the presence of an £,-trace (cf. Section 
(3.2)), the value of the ‘“‘threshold”’ frequency fA will not be so affected; provided, 
of course, that the cusp which it denotes remains. 

Fig.14 shows a plot of fA and {B carefully scaled from ionograms taken at 
ihr intervals. Points have only been plotted where the characteristics sought 
were clearly defined on the records. It will be seen that from 0600 to 0900 hours 
there is no significant difference between fB and fA, but over the noon period 
a frequency gap developed, and between 1000 and 1200 hours both parameters show 
a distinct depression. This behaviour is typical of many records which we have 
examined. The fact that such pre-noon depressions are not confined to the para- 
meter fB may be taken as strong evidence that the underlying cause does not 
result from a mere error in scaling, but really represents a true reduction in the 
peak electron density of the H-layer at this time. 

In the preceding paragraphs we have discussed the S,-distortion of the H-layer 
in terms of a simple change in level together with an associated perturbation in the 
peak electron density. This picture is, of course, an oversimplification and in practice 
the type of distortion produced might be expected to be a more complicated 
phenomenon probably involving a stratification of the layer determined by various 
factors, and in particular by the height variation in the current density. The 
examples just quoted, in which both fA and Bf exhibited a pre-noon depression, 
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suggest that the geomagnetic distortion was here effective over an appreciable 
height range (see Section (4.8.2) below). In this connexion it is interesting to note 
that recent direct observation of the current system by rockets (CAHILL and 
Van ALLEN, 1958) shows that a stratification in the vertical distribution of current 
density does in fact occur. 

4.8.2. Equatorial latitudes. If upward drift is to be associated with an elevation 
of fE, then we might expect to detect a corresponding elevation near 1100 hours 


| 
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Fig. 14. Diurnal variation of parameters fB( x ) and fA(@) for Slough, 21 September 1951, 
obtained from ionograms taken at } hr intervals. 


in the diurnal variation for equatorial stations. As yet, we have not found any 
conclusive evidence for this. Isolated examples can be found in which the monthly 
mean diurnal variation shows a slight pre-noon elevation but an examination of 
the mean data for Singapore (1°N), for example, shows that, if anything, there is 
at this station a slight reduction near 1100 hours. It should be added that for 
Singapore we have only been able to use limited data compared with the 10 year 
averages used for Slough and Tokyo, and this makes the detection of small depar- 
tures from “‘normality”’ difficult. We have also examined data for Huancayo 
(12°S), a station at which the amplitude of the S,-diurnal variation is known to be 
exceptionally large, and Fig. 15 illustrates the mean diurnal variation of fE, 
averaged over 4 years, for a summer month (February) and for the winter (June). 
As in Fig. 11 the curves have been fitted to the observations for the early morning 
and late afternoon hours. It is clear that, whereas there is a suggestion for a small 
elevation of fH over the hours 1100 to 1300 in June, no significant departure from 
the theoretical variation is apparent in the month of February. Examination of 
data for other months shows that over the noon period departures from the 
theoretical curves are in all cases very small and as likely to be negative as positive. 
A similar conclusion is obtained for the diurnal variation of fE at Ibadan (7-4°N), 
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another place at which the daily range of the horizontal component of the magnetic 
field is very large. We may therefore conclude that in equatorial latitudes there 
is little evidence for layer distortion in the diurnal variation of fF. 

It is to be added that a study of the latitude variation in fE certainly indicates 
an equatorial enhancement of the peak electron density (APPLETON, 1955; Suim- 
AZAKI, 1958). This is illustrated in Fig. 16 which shows the variation with solar 
zenith angle 7 of fH at noon for temperate and equatorial stations corrected to a 
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Fig. 15. Diurnal variation of fE at Fig. 16. Variation of noon values of fE 
Huancayo for summer (February) and with solar zenith angle y for Slough 
winter (June) months, 1938-1941. Full- (latitude 51-5°N) and Dakar (latitude 
line curves: theoretical variation; 14:7°N). The values of fH correspond 
observed February; @ observed June. to zero sunspot number. 


common sunspot number. It will be seen that there is a clear discontinuity between 
the curves and that over the range of 7 which is common to both latitudes the 
equatorial values of fH are larger by about 0-2 Mc/s than those for temperate 
latitudes. These curves have been carefully determined from a large body of data, 
and the magnitude of the gap between them greatly exceeds the uncertainty of the 
points. Part but not all of this gap must be attributed to the fact that the Slough 
values in summer are depressed owing to S,-effects. The residue could be attributed 
to the influence of upward drift at Dakar in elevating fH. However, it is difficult 
to reconcile this simple explanation with factors such as the absence of any consis- 
tent enhancement in the diurnal variation of fE during the pre-noon period, and 
the fact that equatorial values of fF also seem to be elevated with respect to 
temperate latitudes at hours when vertical drift effects would normally be expected 
to be small. 





W.J.G. BEYNonN and G. M. Brown 


Further consideration of this apparent ‘‘equatorial anomaly” must await 
additional data, but it should be remembered that the net distortion of the E-layer 
resulting from a vertical drift velocity depends on several factors. In equation (13), 
which gives the net distortion on the assumption that both H and « do not vary 
over the vertical height concerned, the velocity gradient term in general dominates, 
as we have seen. However, at equatorial latitudes the term involving the velocity 
itself will assume increasing importance (Fig. 6). Furthermore, if there were an 
appreciable positive height gradient / of scale height H at equatorial latitudes, an 
elevation of the height of the H-peak would result in a lowering of fH, in opposition 
to the effect of the height gradient of velocity. In fact, it may be noted that the 
latitude change in n observed in the absence of vertical drift (Fig. 9) might be 
taken as evidence for a positive value of / at the equator. In addition, there is a 
possibility that at the equator the peak of the H-layer is situated such that the 
distorting influence of the S,-current sheet is not large. In this connexion it is 
relevant to note the experimental results obtained by SINGER et al. (1952) and by 
CanHILL and VAN ALLEN (1958) with rocket-borne magnetometers at the magnetic 
equator. The earlier results indicated that the equatorial electrojet was confined to 
a narrow range of altitude in the lower portion of the H-layer (93-105 km). On 
the other hand, the results from the more recent rocket flight provide evidence for 
at least two current sheets, the lowest extending from 97 to 110 km, and the second 
from 118 km upwards. This experiment also suggested that only about one-half 
of the total current system lay between 97 and 121 km. Between 110 and 118 km 
the measurements indicated little or no current density, and it is clear that if, 
at the time concerned, the level of the H-layer peak lay within this height range 
then there would be no S,-distortion detectable in fF. 

It seems reasonable to anticipate that the stratification in the current density 
already observed at the equator exists at other latitudes. It is probable too that 
the comparatively large vertical depth of the current system found in the equatorial 
experiment also occurs at other latitudes. If this is so, then it might explain a 
number of features of the #-trace on ionograms. Thus the apparent absence of any 
S,-distortion in f# on certain days can be understood, as well as its absence on days 
when distortion can be detected in h’E and/or for levels above the layer peak. 
Some of the stratifications observed on ionograms in the H-trace and during the 
transition from the E- to the F-layer might also be associated with a stratified 
current system. 


4.9. Magnitude of the S,-effect on fE 

An approximate estimate of the magnitude of the drift effect on fH at a tempe- 
rate latitude station can be obtained from the curves of Fig. 11. These show that 
the maximum depression in fE is about 0-12 Mc/s, or 3—4 per cent, and occurs, as 
expected, at 1100 hours in the summer. At noon, the depression would appear to be 
about 0-09 Mc/s (2-3 per cent) in June. For the equinox months, the maximum 
depression is of the order of 0-03 Mc/s, while no measurable effect can be detected 
in December. These figures are based on long-term monthly mean data for Slough 
and represent average values for a mean sunspot number of 76. 

For Tokyo, an analysis of data covering the period 1946-1956 (mean sunspot 
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number = 82) shows a seasonal change in the magnitude of the depression in 
fE near 1100-1200 hours in the same sense, but the changes are all larger than for 
the case of Slough. In June, the depression in fH at Tokyo is about 0-14 Me/s 
(4 per cent) at noon, about 0-08 Mc/s at the equinoxes, and about 0-03 Me/s (1 per 
cent) in December. 

In an earlier note (BEYNON and Brown, 1956) we interpreted the singularities 
in Fig. 7 in terms of a seasonal shift in the latitudes of the S,-foci as seen in Section 
(4.4(a)) and on the basis of this interpretation we made rough estimates of the 
magnitude of the changes in fE as a result of vertical drift. The estimates now 
given, although based on a different interpretation, are of the same order of 
magnitude for temperate latitudes as those given formerly. Our original estimate 
of the magnitude of the equatorial enhancement of fH (5 per cent) was based on the 
assumption that the abnormally large values at the equator (illustrated for example 
in Fig. 16) were entirely due to the S,-current. However, the further discussion 
given in Section (4.8.2) now places difficulties in the way of this interpretation, 
and the associated estimate of the magnitude must therefore be questioned. 


4.10. Vertical drift and h’E 


According to the simple Chapman theory, the height of maximum ion produc- 
tion varies with the solar zenith angle (equation (3)) and this changing level 
manifests itself in the variation of the minimum equivalent height of reflection h’F 
over the day and over the seasons. At the equinoxes, one would therefore expect 


the noon values of h’E# to show a latitude variation with a minimum at the equator. 
However, an examination of the published /’# data for many ionospheric stations 
(Marpa, 1955; Sato, 1955) shows that h’£ is substantially independent of latitude. 
It must be emphasized that the data available are of very limited accuracy, since 
h'E is normally recorded only to the nearest 5 or 10 km, and this might make it 
impossible to detect height changes of the order of a few kilometres. However, 
we find that even when data are averaged for many years there is still no evidence 
for the latitude variation predicted by the simple theory. 

An approximate calculation based on equations (3) and (14) indicates that the 
order of magnitude of this latitude anomaly in the variation of the height of the 
E-layer is such as could be accounted for in terms of the influence of vertical drift 
resulting from the S,-current system, in opposite senses at latitudes on either side 
of the foci. Vertical drift velocities of the order of 500 cm/sec seem adequate to 
explain the anomaly. 

Evidence for an anomalous depression before noon in the diurnal variation of 
h'E at a temperate latitude station due to the influence of the S,-current system 
has been given by APPLETON et al. (1955). It may be noted too that the seasonal 
changes in noon values of h’H have been studied at Cambridge (52-2°N) by FiInpLay 
(1951), who found that although there is agreement with the variation expected 
for a Chapman layer over the winter period September—March the observed values 
in the summer months are too low. This might be interpreted as evidence for the 
influence of westward dynamo currents at a temperate latitude station during the 


summer. 
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5. ANALYSIS FOR MAGNETICALLY DISTURBED CONDITIONS 


5.1. Magnetic activity and fE 

Previous workers have pointed out that although the major ionospheric effects 
associated with a magnetic storm occur in region-/'2, measurable disturbances also 
occur in the lower layers-E and -F/, and it is relevant to the present discussion 
of geomagnetic distortion in region-E to consider the behaviour of fH under 
disturbed conditions. 


a 


Month 
Fig. 17. Seasonal variation of the standard deviation of the departures of fH from the mean 
seasonal curve for 1950-1954 at Kiruna (68°N). 








Although the perturbations in fH due to magnetic activity are in general small, 
they are readily detected at periods of high activity (such as the equinoxes) and 
especially at high-latitude stations (APPLETON ef al., 1937). Fig. 17 shows the 
seasonal variation in the standard deviation of fF for Kiruna (67-8°N). Although 
the data for the winter months are rather scanty, there is clear indication for a 
greater variability in fE in the months of enhanced magnetic activity. 

At lower-latitude stations we find that it is difficult to establish this type of 
seasonal variation in the variability of f£, since in any month the daily values are 
often influenced by factors such as the 27 day recurrence tendency associated with 
the solar rotation period. However, it might be expected that long-period monthly 
averages of fH would show evidence for abnormality at the equinoxes, and we have 
examined this possibility for monthly noon data for Slough averaged over the 
23 year period 1931-1953. Fig. 18 shows a plot of log cos y against log fE for the 
twelve-monthly mean values, and it will be seen that the points cluster closely to a 
line, with the exception of those for September and October for which the average 
JE values are too small. It should be added that the data plotted in Fig. 18 
inherently contain the quiet-day distortion of the H-layer, in that the values of fE 
are progressively depressed as one proceeds from the December to the June point 
on the line, and this results in a slightly greater slope than would otherwise be the 
case. 

It is tempting to associate the depressions in September and October with 
increased magnetic activity during these months, and in fact over the years con- 
sidered the average international magnetic C-figures for these months are signi- 
ficantly greater than average. On the other hand, a second maximum of magnetic 
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activity occurs in March, whereas in Fig. 18 the March point closely fits the line. 
Furthermore, from work to be described below we find that the magnitudes of the 
depressions in fH in September and October are several times larger than would be 
expected from the enhancement of magnetic activity during these months. It 
might be suggested that this anomaly in September and October may be spurious, 
but this seems most unlikely in data averaged over 23 years. We have also found 
that this anomaly occurs in data averaged for hours other than noon. It is also 
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Fig. 18. Seasonal variation of noon values of fH for Slough. Data averaged over the period 
1931-1953, and reduced to the common sunspot number FR = 61. 


worth noting that consistently low values of fF in the month of October were 
observed by WALDMEIER (1944) from a study of 4 years’ data at Kochel (47.7°N). 
It would appear that these depressions in fH observed at some stations during the 
autumnal equinox are probably real, but cannot be directly accounted for in terms 
of magnetic activity. It is probable that this anomaly is not unrelated to another 
“October effect’? which has been reported by GREENHOW and NEUFELD (1956). 
Another approach to the problem is to apply the superposed—epoch method to 
the magnetic and ionospheric data. Fig. 19 shows the results obtained from a 
superposed—epoch analysis of noon fE data for Slough for the years 1950-1952. 
In this analysis the “‘zero day”’ was chosen on the basis of a high value of inter- 
national magnetic character figure C, and the corresponding fH data were super- 
posed over the period + 6 days centred on this day. The upper curve shows the 
mean magnitude of the magnetic disturbance and it is clear that in association with 
this there are small but perceptible changes in the values of fE. On day —2 there is a 
small increase in fZ, while there is an appreciable depression on day 0, and a 
minimum value on day -++1, followed by a slow recovery over 3—4 days. The small 
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“positive phase’ may possibly be associated with the fact that sunspot areas attain 
a maximum value some 2-3 days before the date of maximum magnetic disturbance 
(Stace, 1928). 

For temperate and equatorial latitudes the net disturbance current system is 
directed westwards at noon, and if these currents flow in the ionosphere they 
might be expected to enhance the effect of the existing S,-current system for 
latitudes on the poleward side of the focus, and oppose it for latitudes on the 
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Fig. 19. Superposed—epoch analysis of magnetic and ionospheric data for the period 
1950-1952. Upper curve: international magnetic character figure; centre curve: fE at 
Slough (latitude 51-5°N); lower curve: fE at Dakar (latitude 14-7°N). 
equator side. The superposition of the two systems might thus result in different 
magnetic disturbance effects in the H-layer at temperate and equatorial latitudes.* 
Thus, according to our discussion in Section (4), at the latitude of Slough during 
times of magnetic disturbance the quiet-day depressions of fH should be enhanced, 

as is, in fact, the case. 

The curves of Fig. 19 indicate that the average depression of fH for Slough is 
0-07 Mc/s for an increase of the magnetic character figure C of 0-7. From this we 
may conclude that for Slough the depression in f# at times of magnetic disturbance 
is of magnitude comparable with that produced by the S,-current system (Section 
(4.9)). 


* A similar suggestion has recently been made by Sato (1957). 
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We have attempted a similar superposed—epoch analysis for an equatorial 
station, and Fig. 19 shows the result for Dakar (14-7°N) for the same period. In 
this case the data are far less complete than for Slough, but there appears to be an 
increase in fH over a period of 1—2 days prior to zero day, followed by a depression 
to a minimum on day +2. An analysis of considerably more equatorial data is 
desirable before a definite significance can be attached to this apparently different 
behaviour between equatorial and temperate latitude stations. 


5.2. The index n on magnetically disturbed days 
We have repeated the calculation of the index n as indicated in Section (4.3) for 
the four Japanese stations centred on the latitude of the Tokyo singularity, using 
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Fig. 20. Index n for stations near and within the northern auroral zone plotted against 
geographic latitude. Data derived from noon values of fH for 1952-1954. Station key: 


(1) Washington; (2) Ottawa; (3) St. John’s; (4) Winnipeg; (5) Fort Chimo; (6) Churchill; 
(7) Narsarssuak; (8) Anchorage; (9) Baker Lake; (10) Godhavn; (11) Tromso; (12) Point 
Barrow; (13) Resolute Bay. 


data for only the five international quiet days per month and also the five inter- 
national disturbed days, over the same period 1952-1954. The results show that 
the peak value of x at Tokyo is present on both quiet and disturbed days, and that 
its magnitude is definitely accentuated on disturbed days. 

These results again can be interpreted in terms of the enhanced depressions of 
fE which would occur as a result of downward vertical drift associated with a 
westward disturbance current system. 


5.3. The index n in the auroral zone 

Fig. 20 shows the results of an extension of the analysis of the index n to northern 
stations across and within the auroral zone. The data available for high latitude 
stations are rather limited, and due to the special difficulties of measuring fH at 
polar stations the results must be treated with reserve, but there would appear to 
be evidence for large vaiues of the index 7 in the latitude zone 55-65°N. The 
largest values are found for Churchill and Fort Chimo, both of which are located on 
the zone of maximum auroral frequency, while the values for Baker Lake and 
Narsarssuak, which are close to the auroral zone, are also high. 

The value of n is a measure of the sensitivity of the noon values of fH to solar 
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altitude over the seasons, and the high values found may be interpreted as evidence 
for a reduced solar control at these auroral stations. The influence of vertical drift 
produced by the intense currents which flow in the auroral zone is also likely to be 
considerable. From an analysis of the diurnal variation of fH at Canadian stations, 
Scorr (1952) similarly concluded that the sensitivity of the H-layer to solar angle 
in the auroral zone is sharply reduced, but that it recovers again to the north of the 
zone. 








Geornagnetic latitude, °N 


Fig. 21. Index n for stations near and within the northern auroral zone plotted against 
geomagnetic latitude. Data derived from noon values of fF for 1952-1954. Station key 
as for Fig. 20. 


It is interesting to note that normal values of » are found for Tromso which is 
also situated on the auroral zone, and for Point Barrow which is close to the zone. 
The former result is in agreement with the finding of APPLETON et al. (1937) that 
the behaviour of the H-layer at Tromso during the Second International Polar 
Year exhibited the same seasonal control as at a temperate latitude station. 
Fig. 21 is a re-plot of the points of Fig. 20 on geomagnetic latitude, and from this it 
would appear that Churchill, Chimo, Baker Lake and Narsarssuak (represented by 
ringed points) behave differently from Tromso and Point Barrow. The reason for 
this difference is not clear and further discussion of the phenomenon must be 
deferred until more extended and accurate experimental data are available. 


6. SUMMARY 


The present study of the normal E-layer has revealed anomalies which may be 
attributed to the influence of vertical drift resulting from the S,-current system. 
The principal conclusions from this work are: 

(1) At a temperate latitude station the distortion is evident as a depression in 
fE, the magnitude of which is found to vary with season and with local time in the 
manner to be expected from the established variations of the S,-current system. 
For Slough (51-5°N) the maximum distortion (at 1000-1100 hours in summer) has 
been estimated to be about 7 per cent in peak electron density for a mean sunspot 
number of 76. The small magnitude of the effect together with difficulties associated 
with the experimental measurement of fH often tends to mask it on individual days. 
However, strong evidence for the reality of the phenomenon has been provided 
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by studying data for different days grouped according to the time at which the 
distorting influence is a maximum. 

(2) At equatorial latitudes the simple drift theory would predict an elevation of 
fE. Astudy of the latitude variation in fE makes it clear that there is an equatorial 
enhancement, but there are difficulties in attributing this entirely to vertical drift, 
such as the apparent absence of any anomaly in the diurnal variation. 

(3) A most striking consequence of the dynamo-perturbation of fH appears 
from our study of the seasonal variation in noon values at stations over a wide 
range of latitude, in that the sensitivity to seasonal changes appears to be markedly 
reduced at latitudes near the foci of the S,-systems. Possible interpretations of this 
in terms of drift theory are discussed. 

(4) The detection of these small perturbations in fF is, of course, conditioned 
by the reliability of the parameter fE, and as part of our analysis we have carefully 
considered the possibility of spurious effects being introduced by the presence of 
E,-ionization, but conclude that this is not a major cause of the anomalies con- 
sidered. A close study of some individual ionograms supports our interpretation 
of the observed perturbations in fF. 

(5) The absence of experimental data on the true height of region-#, and the 
very limited accuracy of published values of the minimum equivalent height h’E 
precludes any accurate analysis of these data for height changes which might be 
attributed to dynamo current influences. However, the absence of any significant 
latitude variation in h’H and the abnormally low values observed at a north 
temperate station in summer may result from such influences. 

(6) A limited investigation of the perturbation in fH under magnetically 
disturbed conditions shows that in temperate latitudes there is a clear depression 
of fF at noon as might be anticipated from considerations of the vertical drift 
associated with the disturbance current system. An analysis for an equatorial 
station indicates that at low latitudes magnetic disturbance may be accompanied 
by an enhancement of fE. 

Certain other anomalies in fH in the neighbourhood of the auroral zone have 
also been briefly discussed. 
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On the hypothesis that the mean geomagnetic field for parts of 
geological time has been that of a geocentric axial multipole 


S. K. Runcorn 
Physics Department, King’s College, Newcastle upon Tyne 1 


(Received 26 January 1959) 


Abstract—There are strong theoretical reasons for postulating that the mean geomagnetic field is 
symmetrical about the axis of the earth’s rotation. The possibility that for parts of geological time the 
mean field has not been dipolar, but has had multipolar components, has not hitherto been discussed. 
Palaeomagnetic observations from North America, Australia and Europe are discussed in relation to 
this hypothesis but it is shown that continental drift is the more satisfactory inference to be drawn 
from the discrepancies between the polar wandering paths for the different continents. 


1. INTRODUCTION 


Runcorn (1959) has given a simple argument in support of the basic proposition 
by which palaeomagnetic observations are being interpreted, i.e. that, when 
averaged over some thousands of years, the geomagnetic field is symmetrical about 
the axis of the earth’s rotation. The further hypothesis that this axially symmet- 
rical field has always been that of a geocentric dipole is more difficult to justify and 
in this paper we consider the consequences of postulating that the field has for 
considerable parts of geological time been that of an axial multipole. 

CREER, [Rvina and Runcorn (1957) point out that the palaeomagnetic obser- 
vations cannot be explained on this hypothesis alone for the declination of the 
mean field would always have been zero. However, it is worth examining whether a 
multipole field and a wandering pole of rotation are together sufficient to explain 
the differences between the polar wandering paths determined for Britain (CREER, 
Irvine and Runcorn, 1954, 1957), North America (RUNCORN, 1956; COLLINSON 
and Runcorn, 1959) and for Australia (IRvinc and GREEN, 1958) without 
postulating continental drift. 


2. MunriroLe FIELDS 


Runcorn (1954) argues that as the Coriolis force is dominant in the equation 
of fluid motion in the earth’s core, a field permanently inclined to the axis of 
rotation is difficult to envisage. But RuNcoRN (1959) shows that, even if it were 
possible for a permanent part of the geomagnetic field to be non-axial, the relative 
rotation of the core and the mantle would cause this to be averaged out when the 
field is observed on the earth’s surface. 

Now suppose that the mean geomagnetic field for appreciable parts of geological 
time has had multipole components. CREER, IRvine and RuncoRN (1957) point 
out, for example, that if the earth’s mean field were a quadrupole the relation 
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between a palaeomagnetic angle of inclination (J) and the ancient colatitude (6) 


of the site would be 
tan J = cot 0 — } tan 6 


instead of the familiar formula for a dipole field 
tan I = 2 cot 6 


In general, the scalar potential V of a magnetic field of internal origin symmet- 
rical about the earth’s geographical axis can be expressed as the sum of terms 


V =C,a(a/r)"** P,,(9) 


where C,, is the moment of the nth multipole, P,,(6) the Legendre function of degree 
n and a is the radius of the earth. The vertical component (Z) of the earth’s field 
(measured positive downwards) and the horizontal component (X) (measured 
positive northwards) are given by 
dV 
Z= dr = —C;,(n 1) P,,(9) 

_ la _,, 
> ae 


It will be convenient for the purposes of this paper to depart from the usual sign 


and X 


convention for the angle of inclination (J) and take it to be measured from 0° to 
360° with respect to the northward horizontal, counting clockwise, viewed from 


the east. 


Z adP,(6 
Tan J = ta —(n + 1)P,(6) ‘n(®) (3) 
thus J is zero along v lines of latitude. 
Fig. 1 shows the variation of J between 6 = 0 and 6 = 180° for the axial dipole, 


quadrupole and octupole fields. 


3. Test oF MULTIPOLE HYPOTHESIS AGAINST PALAEOMAGNETIC DATA 


To examine whether, in any geological period, the mean geomagnetic field had 
multipole components—assuming no continental drift—we proceed as follows. On 
the stereographic projection, meridians or great circles are drawn through the 
sites at which the palaeomagnetic observations for that period were made, and 
through the corresponding pole positions calculated on the dipole hypothesis. The 
discrepancies between these pole positions are now assumed to result from the 
incorrectness of the latter hypothesis and not from continental drift since the 
period in question. The true pole of the earth’s rotation lies at an unknown 
distance § from any site along its meridian. The new hypothesis breaks down at 
once if the meridians for one geological time are not concurrent, noting, that the 
position of the meridians may be varied, at the 95 per cent probability level, 
so long as they pass through the ovals of confidence. We now examine the data for 
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Fig. 1. Plot of angle of inclination (J) against colatitude (6) for axial dipole (n = 1), 
quadrupole (n = 2), octupole (n = 3). 
Suffixes: A denotes results from Australia. U from the United States and 
S from South Africa E from Europe. 
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the different geological periods obtained in Australia by Irvine and GREEN (1959), 
in Europe by CrEER, IRvine and RuNncorN (1957) and in North America by 
RUNCORN (1956). 

Figs. 2-6 show the sites and corresponding meridians for the late Pre-Cambrian, 
Cambrian, Carboniferous, Permian and Triassic. The late Pre-Cambrian meridians 
cannot be made to intersect at the 95 per cent probability level. However in this 











Fig. 2. Upper Pre-Cambrian meridians for Australia, Europe and North America. 


rf 
g. 


part of the geological column there must be doubt as to the contemporaneity of 
the deposits. The meridians for the other times may be arranged to be concurrent, 
as shown, by varying their position within the allowed limits of error. The shaded 
areas are those in which the point of intersection, i.e. the supposed pole, may lie. 
Suppose now that the centre point of this area is regarded as the most probable 
position for the geographical axis on the multipole hypothesis, then the colatitudes 
6 of the sites in the various continents may be determined with respect to this pole. 
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These values are plotted on Fig. | against the value of J determined from the 
palaeomagnetic measurements: the horizontal lines are the spread corresponding 
to placing the pole at various positions within the shaded areas. 


06 














Fig. 3. Cambrian meridians for Australia, Europe and North America. 


The following conclusions can be drawn: 

(1) The Cambrian results for Australia, Europe and N. America are not well 
represented by an axial quadrupole field, very poorly represented by an axial 
octupole field and cannot be represented by an axial dipole field. 

(2) The positions of the sites for the Carboniferous range from 30°N to 5°S of 
the equator, for the Permian from about 40°N to 15°N and for the Triassic from 
35°N to 10°S with respect to the supposed poles. These positions are unreasonable 
on two grounds: (a) the angles of inclination for each period at these sites range 
from 0° to 90°. Consequently the mean geomagnetic field would have to be such 
that its angle of inclination changed more rapidly with latitude than any of the 
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curves shown. The Triassic and Carboniferous results come nearest to being 
satisfied by the octupole field and the Permian by the quadrupole field, but the 
discrepancy is still very distinct. (b) The positions of Australia in Carboniferous 
and Triassic times are within 10° of the equator, and the positions of South Africa 














Fig. 4. Carboniferous meridians for Australia, Europe, North America and South Africa. 


in Carboniferous times and of Australia in Permian times are within 30° of the 
equator. These positions are hard to reconcile with the evidence of a cool climate 
in Australia in Triassic times and widespread glaciations in Permo-Carboniferous 
times in Australia and South Africa (Davin, 1950; pu Torr, 1939). 


4, CONCLUSION 


It is of course clear that the discrepancies between palaeomagnetic data from 
different continents, which have been taken by many writers to imply that 
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continental drift has occurred, can be explained away by postulating a sufficiently 
complex geomagnetic field, for each epoch in geological time. But the only 
physically plausible fields are axial multipoles and these seem to imply positions 
of the continents in flat contradiction to the palaeoclimatic data for late Palaeozoic 




















Fig. 5. Permian meridians for Australia, Europe and North America. 


and early Mesozoic times. Until results from other continents are available the 
possibility cannot be entirely excluded that the mean geomagnetic field in Cambrian 
times was not dipolar. 


Acknowledgements—The author is grateful to Mr. G. TuRNBULL for considerable 
help in the preparation of this paper, and to Mr. C. Hetstey of the Geology 
Department, Princeton University, for a stimulating discussion of this hypothesis. 
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Fig. 6. Triassic meridians for Australia, Europe and North America. 
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A rapid method of obtaining accurate virtual heights from an ionogram 
(Received 26 August 1958) 


Abstract—A transparent slider is described which corrects the virtual height on an ionogram for changes 
due to varying echo amplitude and which enables accurate virtual heights to be obtained rapidly. 


THE standard methods of measuring the virtual height of a layer from the trace on an 
ionogram are inherently inaccurate owing to the variation of the apparent virtual height 
with the amplitude of the reflected signal. The height observed shows both systematic and 
variable errors which are usually about +-5 km but can reach 15 km in unfavourable 
circumstances. As has been shown by Lyon and Moorart (1956), these errors can be 
corrected provided that the trace on the ionogram shows characteristics which vary 
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Fig. 1. Layout of slider for reducing virtual height accurately. 


regularly with the echo amplitude. This condition is usually satisfied automatically when 
the output signal has not been differentiated. The width of the dead zone following a 
differentiated pulse may often be used as the amplitude-sensitive parameter when a differen- 
tiator is in use but the correction law often proves to be more complicated and less reliable 
than for undifferentiated signals. 

For most ionosondes the relation between the width of the trace, w, and the error in 


vertical height, A, is linear: 


A=a— bo (1) 


the constants a, b depending on the design of the instrument and the pulse width used. 
For panoramic-type equipments, a and 6 are constants but most slow-speed type recorders 
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show a small increase in a at the lower frequencies. Some typical values for the DSIR 
Mark II Recorders are b = 0:25, a = 14-5 for frequencies above 2 Mc/s and b = 0-25, 
a = 17-5 for frequencies below 2 Mc/s, A, m being measured in kilometres of virtual height. 

In order to reduce ionograms rapidly, it is desirable to be able to identify the correct 
virtual height corresponding to a trace of any width. This may be done conveniently by 
using a transparent overlay which gives, in effect, a graphical solution of equation (1). 
A suitable design is shown in Fig. 1. In practice the frequency at which the height is being 
measured can be most easily identified by adding a secondary cursor, with a vertical line, 
which can slide along the overlay but this is not essential. 
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Fig. 2. Ionogram taken at Slough 0900 GMT, 16 July 1954. x Virtual height from actual 
trace. © Virtual height using slider. 


The constants for the equipment are determined using the methods described by Lyon 
and Moorart (1956) and the two sloping lines A, 6, are drawn so that when the vertical 
distance between A and B represents m km the vertical distance between A and the 
horizontal line O represents A km. The two sets of auxiliary lines below O subdivide the 
interval between the height calibration lines on the ionogram and thus simplify accurate 
measurement. 

In practice the overlay is moved until the upper and lower edge of the trace at the 
required frequency just touch the sloping lines A, 6. The line O then indicates the corrected 
position of the lower edge of the trace and the relative position of this line and the height 
calibration gives the required virtual height. After a little practice the time taken does not 
differ significantly from that needed to measure the uncorrected height although accuracies 
of about 1 to 2 km are now readily available for ionograms of suitable size. 
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As with all height measurements, difficulties can arise when overlapping or scattered 
echoes are present. In general, only the lowest of several overlapping traces can be measured 
accurately and it may not always be possible to identify the trace width corresponding to 
the echo concerned. It is usually best to assume that the pulse width does not vary greatly 
with frequency when the zone of confusion is limited in frequency. In the absence of any 
help from the record, one must adopt the width corresponding to the most probable 
amplitude. This is usually close to the average width found when the echo patterns are 
simple. In many cases, however, inspection of the ionogram shows the most probable width 
for the main trace, scattered echoes or noise causing local displacements of the front or 
rear edge of the trace which clearly do not obey equation (1). It must not be forgotten that 
the heights deduced when scattered echoes are predominant may differ appreciably from 
those obtained when the ionosonde is operated at a lower gain level which eliminates the 
weaker traces immediately below and above the main trace. It is therefore more important 
to monitor the behaviour of the recorder when accurate height measurements are required. 
A comparison of ionograms made at high and low gain levels has shown that when the 
upper edge of the trace is varying fairly smoothly with frequency but the lower edge is 
confused by weaker reflections, suitably corrected measurements of the upper edge of the 
trace, assuming a normal trace width, give results which are remarkably consistent with 
those found from the low gain record. This situation is common when measuring #-region 
traces. 

A typical virtual height variation with frequency, obtained quickly by this method, 
using an ionogram with a height scale of 100 km in 2 em, is shown in Fig. 2. The uncorrected 
heights obtained directly from the record are also shown. The differences in the height and 
shape of the curves indicate the importance of using a correct method of reduction. 


Acknowledgement—The work described above was carried out as part of the programme of 
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the Radio Research Board. The paper is published by permission of the Director of Radio 
Research of the Department of Scientific and Industrial Research. 
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Cross-sections for K-shell ionization of atomic nitrogen and oxygen 
by electrons and protons 


(Received 1 November 1958) 


1. INTRODUCTION 
In another connexion a general study has recently been made of A-shell ionization of atoms 
hy electrons and protons. The results for nitrogen and oxygen are presented here since 
they are of interest in aeronomy. 
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2. ELectron Impact 
The cross-section for K-shell ionization by electrons of energy FL, velocity v and momen- 
tum hk,° is given in the relativistic Born approximation of M@LLER (1932) by 


Q = (y/Z,k,°)*Srra," 


where y = (1 — v?/c?)-¥/?, Z, is the effective nuclear charge and S is a quantity which, 
for a given value of & = E/E, above 2:5, is almost independent of Z, and of #, the ratio of 
the actual A-shell ionization potential EZ, to the fictitious ionization energy Z,? Rydbergs 
which would arise in the absence of outer screening (cf. ARTHURS and MOIsEIWwITscH 1958). 

The published S values are for an &-range up to 20. This range has been extended to 


ross section (Tc 
1 
a) 
101) 


yc -: Maem. 5° ea, = 
log, incident energy (keV) 
Fig. 1. Cross-sections for K-shell ionization of N and O by electrons 


ma)? = 0:88 « 10-18 em?]. 
0 j 














26 28 30 32 34 

log,, incident energy (keV) 
Fig. 2. Cross-sections for K-shell ionization of N and O by protons 
[7a9? = 0-88 x 10-1§ cm?]. 


25 by using the Born cross-sections for ionization of atomic hydrogen cited by McCaRRoLL 
1957) for & up to 72-25 and by computing the remaining values from the BeTueE (1930) 
approximation, which fits on to the Born approximation in this region. Table 1 contains 
the S values from which relativistic cross-sections may readily be derived. The cross- 
sections for nitrogen and oxygen are presented in Fig. 1. 
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Fig. 1. Oblique-incidence ionogram over a distance of 2000 km (Sodankyla—Lindau). 








Research notes 


Table 1 





25 36 49 2°28 100 121 144 169 


S 16-8 17°8 18-6 : 20-4 20-9 21:3 21-6 22-0 





: : 3 Bar ie Uren ase ON S 
The cross-section for K-shell ionization is given by Q = l( s—) (137Z 3 | ma)? and & = E/E), 
sats Sy Cee eee 
where E is the impact energy of the incident electron and E, is the experimental ionization energy of 
the relevant atom. 


3. Proton Impact 


Calculations with the Born formula have been performed on a Deuce computer for 
proton impact, taking # equal to 0-65 which is close to the values appropriate for nitrogen 
(# = 0-65,) and oxygen (? = 0-66,). The Stobbe—Massey—Mohr limits of integration were 
used in preference to those of BeTue (cf. ARTHURS, 1958). Fig. 2 contains the results. 
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Further results of sweep-frequency oblique-incidence 
pulse transmissions 


Ir is common practice in calculating MUF’s to consider the F2- and £-reflections only, 
and to disregard the effect of F/ because for many circuits, and for undisturbed conditions, 
the F1-MUF is less than the F2- or E-MUF. By sweep-frequency oblique-incidence pulse 
experiments it can be shown that over a path of 2000 km in northern Europe the omission 
of the FJ-reflections leads to an erroneous concept of the propagation conditions. As a 
matter of fact, in summertime during most of the daylight period the junction point (‘‘nose’’) 
between the low- and high-angle ray of the F/-path is observed at higher frequencies than 
that of the F2-path (Fig. 1). On undisturbed days at noon the difference is 1-2 Me/s 
in favour of the FJ-MUF increasing to 5 Me/s on slightly disturbed days. The daily 
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variation during a day with a minor geomagnetic disturbance is shown in Fig. 2. The 
F1-MUF overcomes the F2-MUF at 0430 hours and falls behind at 1800 hours. 

[t is interesting to note that the irregular variations of the #:2-MUF (a) are accompanied 
by similar variations of the virtual height of the nose of the F2-path. (b) Calculating the 


11.6.1958 





| 
| 
(*«) 


fox Sporn 






























































| | ! T T q T 
12 13 14 15 16 17 18 19 20 21 22 23 24 


¢ ———__®  MEZ 


Fig. 2. Results of oblique-incidence observations over a distance of 2000 km (Sodankyla— 


Lindau). (a) Observed F2- and F1-MUF (a and 0); (b) observed virtual height of /'1- and 
F2-nose; (c) calculated equivalent critical frequency of F2 and F 1. 


equivalent critical frequencies at vertical incidence (c) it becomes evident that simul- 
taneously the latter varies rather smoothly with time. So we may conclude that the 
strong variations of the F2-MUF are caused by variations of the virtual height (due to 
variable retardation in F/ probably) rather than by changes of the critical frequency. 

A detailed analysis will be given in a later communication. 
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Indices of geomagnetic activity 
for the Observatories HARTLAND (Ha), ESKDALEMUIR (Fs) and Lerwick (Le) 


October and November 1958 


The figures given on pages 181 to 182 represent the K-indices for three-hour intervals, 
beginning with 00-03 hrs for the first and ending with 21—24 hrs for the eighth figure. 
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Ha Es Le 
D Range for K = 9 : 500y Range for K = 9: 750y Range for K = 9: 1000y : 
ay ay 


3 3 | ‘ , ’ = : ‘ 
K-Indices | Sum K-Indices Sum K-Indices Sum 


o 


1343 2234 2% 1333 3235 23 
3332 1113 3322 2113 17 
2433 3442 | 2 2332 ©3331 

1121 2002 1011 2212 

4122 3223 { 3123 3333 

1212 3233 1213 3233 

2222 2334 y 2322 3334 

3322 1113 3322 
1111 2111 ¢ 1112 
0011 1111 
2121 212: 2122 
1011 0001 
0123 y 

1212 


3 
2 
2 
33 
23 


ee ee ee 
AAD Ot Rm Ww b= 
wre 


S bo bo bo 


_— 


bo 
a 
—_ 


bo 
— 
SU i OD im ff 


bo 
~ co — bo bo bo bd bo be ¢ 
= Es 


Cl Hm 
og 


or) 


1365 
4444 
2354 
2335 


2322 


~l 


Bo ie bre Se 


bo bo bo bo bo bo bo bo 
¢ o or 
Oh 
or Or 


m= bo bo bo 
1 to 








K-indices 


November 1958 
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Abstract—A method, using successive approximations, is given for finding the variation of electron 
density N with height h in the outer ionosphere, when the variation of whistler dispersion with geomag- 
netic latitude is already known. From the application of the method to specific whistler data, it is 
inferred that the electron density distribution in the outer ionosphere decreases exponentially with height 
at least in the height range 1000 to 13,000 km, and that during the period January to May 1957 the 
equation describing the distribution within this height range was: 
N = 5:75 x 104 exp (—h/2640) 
where N is in em-’ and h in km. 
1. INTRODUCTION 


Ir is now widely recognized that the analysis of whistlers can yield information on 
the properties and behaviour of the outer ionosphere to heights of several earth’s 
radii. In particular, electron densities can be determined from whistler characteris- 
tics, and some approaches to this problem have already been made, e.g. STOREY 
(1953, 1957) and HELLIWELL (1956). 

The analytical determination of the distribution of electron density N with 
height h above the surface of the earth is beset by comparable difficulties, whether 
one is interested in deriving an (NV, h) distribution for the normal ionospheric layers 
from ionograms, or for the outer ionosphere from whistler spectrograms, as in both 
cases the experimental data is given in the form of frequency/time diagrams. 
Because of these difficulties, empirical methods are used in the analysis of iono- 
grams, with emphasis lying in the search for the method giving the best approxi- 
mation to the true (NV, h) distribution with the least computational effort. Thus 
it would be expected that the analysis of whistler spectrograms would proceed in 
the same way. 

In this paper one possible empirical method of determining electron densities 
is presented. The method uses data on the variation of whistler dispersion with 
latitude. Since the latitude determines the maximum height of the path followed 
by a whistler, it is possible to quickly calculate a maximum value of electron 
density at any height. By using an iterative process this approximation is improved. 
The (NV, h) distribution has been derived by this method from whistler data for the 
period January to May 1957. It is thought that this represents to within 50 per 
cent the average electron density distribution between heights of 1000 and 1300 
km during this period. 

2. MetTHop OF ANALYSIS 
2.1. Initial assumptions 

Various initial assumptions have been made, as follows. The validity of these 
assumptions is discussed later. Throughout this paper the term “‘latitude”’ always 
refers to geomagnetic latitude. 
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(a) The ray path for all frequency components of a whistler is assumed to lie 
exactly along a line of force of the earth’s magnetic field, which in turn is assumed 
to be a dipole field. 

(b) The experimental data is assumed to be given as the variation of dispersion 
D with latitude /, of the lightning-flash source. Here D is defined according to the 
Eckersley—Storey approximation (STOREY, 1953): 


D =14,f? (1) 


where ¢, is the time of travel of the whistler component of frequency f during a 
single transit from one hemisphere to the other, i.e. for a short whistler. 

It has already been assumed in the derivation of equation (1) that fis much less 
than either the gyrofrequency /,, or the critical (or plasma) frequency fy every- 
where along the whistler path. Under these conditions Storey has shown that 


(2) 


where c is in the velocity of light in vacuo, and ds is an element of path length, 
the integration being taken over the whole path. By using the relationships fy? = 
Ne?/eg7m and fy = “oe¢H/27m (where e, m are the electronic charge and mass, 
and é&», M9 the electric and magnetic permittivities of free space respectively, H 


being the magnetic field strength) equation (2) leads to the expression 


(: 1/2 i 2 1/2 ds (3) 


where ¢ is in e.m.u., H in G, NV in em-? and ds in em, thus giving D in the usual 
unit of sec”. 

(c) It is further assumed that surfaces of constant electron density are spherical 
about the centre of the earth, and that the electron density decreases monotoni- 
cally with height throughout the region under consideration. The lower limit to 
this region is taken as the level of maximum ionization in the F2-layer. The upper 
limit is determined by the height above the geomagnetic equator of the magnetic 
line of force through the highest source latitude. This height is found from the 
eneral equation: 


o 
=> 


h =a tan? l, (4) 
where a is the radius of the earth. 
2.2. Upper limit to electron density 


On the above assumptions, an upper limit V, can be quickly set to the value of 
electron density at any height. If the electron density were constant with height, 


then from equation (3) 
71/2 € wa 1 
D = N** (<) i ds (5) 


Now, for a uniformly magnetized earth or its equivalent centred dipole, the 
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magnetic field strength at a point of latitude /, distant r from the centre of the earth, 
is given by 
M(1 + 3 sin? 1)'/* 
yy — MOL+ 8 sin2 i 
r 
where M is the magnetic moment of the earth. But the (r,/) equation for a line 


of force is . 
cos? | 


ak 
cos? 1, 
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Fig. 1. Curve showing the effect on whistler dispersion of the earth’s magnetic field as a 
function of geomagnetic latitude, used when determining the upper limit of electron density 
from equation (10). 


Combining equations (5), (6) and (7) eventually leads to: 


/e\ U2 / dq 52 1 Plo 
D = NP (5) | zx ) | | cos! (4 — 3 cos? 1)!/4 a| (8) 
0 


2 M"?/ Lcosé I, « 


Denoting the quantity in square brackets by J(/,), and inserting numerical values 
for e, a and M, equation (8) becomes 
D = 0-202 N?I(1,) (9) 
Because of the great variation of J(/)) with J), it is useful to take (common) loga- 
rithms and rearrange equation (9) as 
log N = 1-389 + 2 log D — 2 log I(I,) (10) 
The quantity 2 log /(/,) is shown as a function of /, in Fig. 1. From this graph, used 
in conjunction with equation (10), the value of constant electron density which 
would produce the measured dispersion can be rapidly calculated. Now, on the 
assumption made initially that in fact N decreases monotonically with h, it is clear 
that the value of NV calculated from equation (10) must be greater than the actual 
value at the top of the path. The value of N thus calculated can therefore be 
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regarded as an upper limit N, to the electron density at the height h given by 
equation (4). The curve drawn through the values of (V,, 4) will be taken as a first 
approximation to the true (NV, /) distribution, bearing in mind that N may actually 


be much less than J. 


2.3. Method of successive approximations 

From this point the method consists in deriving successively closer approxi- 
mations. A second approximation is obtained by taking the (N,, h) curve found 
above, and proceeding to calculate a set of new dispersion values (D,, lo). For a 























0-2 0-4 06 O08 0 
ve 
Fig. 2. Curve showing the graphical method of estimating 
the final approximation (No) from early approximations. 


given /,, D, will be necessarily greater than the experimental value D, if the assump- 
tion of monotonically decreasing electron density with height is correct. Since 
D is roughly proportional to N"*, a better value N, for the electron density at a 


y 


4Vo 


given height will be | 


D \ 2 
; N 


In this way an (V,, h) curve is calculated which is a closer approximation to the 
actual distribution than that given by the (N,, h) curve. But, since the ratio 
(.V,/.V,) from equation (11) will increase with h and thus with lo, the correction 
given by equation (11) will be insufficient, and the (V,, h) curve will lie in between 
the (.V,,4) and the true (V,/) curve. Hence successive approximations by this 
method will approach the true (V, h) curve always from the same direction. 
Clearly the (n + 1)th approximation is obtained from the nth approximation by 
the generalized form of equation (11), viz. 
D\ 
Bay (7) f. (11a) 
In practice, after three or four approximations, it is possible to accelerate the 
process by plotting NV, or, more profitably log N,, against (1/n) and extrapolating 
by eye to infinite , as in Fig. 2, thus obtaining what, for convenience, will be 
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called NV.,,. A check calculation of D,, as a function of J, can then be compared 
with the experimental (D, /,) data. The differences (D,, ~ D) should be less than 
the original experimental error; if not, one further approximation using equation 
(lla) will almost certainly suffice. 


2.4. Method of calculating (D, ly) curves 
In the above method, most of the computing time is taken in calculating the 
{D, l,) curve from the assumed (JN, h) curve. A fairly quick approximate method 
of doing this was developed, based on the use of CHAPMAN and SuciurRa’s tables of 
magnetic dipole field are lengths (CHAPMAN and SuaiuraA, 1956). 
N 


Fig. 3. 


In Fig. 3, consider the elemental contribution to the dispersion within the 
interval P,P, along the magnetic line of force which enters or leaves the earth at 
P, (or Py’) whose latitude is /) (or —/,)). Let the interval P,P, be small enough so 
that the quantity (N/H)'” varies almost linearly throughout this interval. Then the 
elemental contribution to the dispersion is given by the differential form of equa- 


tion (3), viz. 
\ V2 /y\ 12 


é 
dD = ( 
2 
where the average value of (N/H)'” over the interval P,P, is 
If ns ee 
Al es bi J 
and ds = s, — s, = b{f(l, —f (l,)} where 6 is a function of J, only and f(/) is a 


function of / only: 
b=a+h=asec?l, 


1 
f= 5 3 (x + sinh x cosh x) 
-\ e 


sinh « = 1/3 sin 1 


b and f(/) are tabulated by CHAPMAN and SuGIURA. 
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Thus equation (12) can be re-written as 


b e\ 1/2 /N 1/2 (N.\ 1/2 
= (5)(5) Ge) + (GZ) | Ue —2703 (13) 
wi = D a 

Corresponding to the dispersion contribution from the intervalP ,P,, there is an 
equal contribution from the interval P,,’P,’, the mirror image of P,P, about the 
equatorial plane. Therefore the total dispersion over the path P,QP,' is found 
by summing contributions of the form of equation (13) over the latitude range 0 to 
1, and doubling the answer, i.e. 


oe a 


I 7 \ 1/2 yr \1/2 
5 1(82)"" + ()"|uey — 00 a9 
o \\d, H.) 

In practice it has been found that little error is introduced if the intervals 
P,P, are derived from equal increments of 7, each of 1000 km for source latitudes 
higher than 40°, and of 500 km for lower source latitudes. In making a numerical 
calculation of D from equation (14) for a given latitude, many of the steps in the 
calculation are universally applicable to that latitude, irrespective of the electron 
density distribution. Thus, once D has been calculated for a given (N, h) distri- 
bution, additional calculations required for other (N, h) distributions are limited 
merely to the few involving N. 

3. RESULTS 

The method outlined above was applied to experimental whistler data obtained 

at the following stations during the period January to May 1957: 

Wellington, N.Z. (geomagnetic latitude—45-1°) 

Washington, D.C. (50-2°) 

Dunedin, N.Z.  (—51-0°) 

Hanover, N.H. (551°) 
In addition, data from two Japanese stations, Toyokawa (24-5°) and Wakkanai 
(35-°3°) published by Iwar and Outsv (1956), were used to provide lower latitude 
information. Unfortunately the Japanese data does not cover an identical period, 
the Toyokawa data referring to February 1956 and the Wakkanai data to July— 
August 1956. From the relationship between whistler dispersion and sunspot 
number found by ALLcock and Morean (1958), it is estimated that this may 
result in the (NV, h) curve being depressed by 30—40 per cent at heights of 1000-3000 
km. 

A further source of error is the way in which the data from the American and 
New Zealand stations were obtained. Here dispersions have been inferred from 
aural determinations of the time delay between the atmospheric bonk arriving 
directly from the lightning source, and the first frequency heard in the resulting 
whistler, according to equation (1). This frequency was normally about 5 ke/s 
(where maximum whistler energy is received) and is believed to have been close to 
this value, on the average. Occasional check spectrograms have confirmed this, to 
within 10 per cent. 

The experimental dispersion data are plotted in Fig. 4 against latitude, 
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together with an additional abscissa giving the maximum height associated with 
each latitude from equation (4). This assumes that the average whistler was pro- 
duced by a lightning source at the same latitude as that of the station. 
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Fig. 4. Experimental values of dispersion plotted against geomagnetic latitude and 
height of path above equator. 
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Fig. 5. The (N,h) curve derived from the data of Fig. 4 by the method of this paper, 
together with other (NV, A) distributions for comparison. 


The first (“upper limit’’) approximation to the true (V, h) distribution was 
obtained by applying equation (10) to the data from each station in turn. This 
approximation is shown in Fig. 5. It is clear that the plotted points marked “X” 
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are adequately represented by a straight line when log N and h are taken as the 
co-ordinates. ‘lhe process of successive approximations was then carried out 
according to the method outlined above, with one minor modification: the contri- 
bution to the total dispersion arising in the regular ionospheric layers was assumed 
to be equivalent to that obtained by allowing the (N, h) distribution under con- 
sideration to extend down to a height of 100 km, and assuming that the ionization 
below this level was negligible. The uncertainty arising from this procedure is not 
likely to be more than 2 or 3 per cent. 

The calculations were taken to the fourth approximation before estimating the 
final approximation in the manner already described. The final approximation is 
shown as the full curve in Fig. 5. That this closely represents the true (NV, ) distribu- 
tion appears likely from a comparison of the experimental dispersion data with 
the dispersions calculated from the final approximation, in Table 1. 


Table 1. Comparison of experimental values of whistler dispersion with those 
calculated from the (N, h) distribution of Fig. 5 (full curve) 





Experimental dispersion Dispersion calculated from final (.V, /) 


Station . . P 
; approximation (sec!/2) 


Toyokawa 2 26 
Wakkanai f 46 
Wellington 75 
Washington ; : 85 
Dunedin 88 
Hanover O¢ 97 





From this it is inferred that the electron density distribution between heights 
of 1000 and 13,000 km for the period January to May 1957 is represented adequately 
by the equation 


—h | 
104 exp 2 (15) 
2640 


where V is in cm~* and hin km. Thus, within this height range, the outer iono- 
sphere appears to have an exponentially decreasing electron density with a scale 
height of 2640 km. For this data at present available, it is not necessary to postu- 
late a more complex model of the outer ionosphere than this. 


4. Discussion oF ASSUMPTIONS 


This section discusses briefly some of the assumptions made in Section 2. 


4.1. Ray path 

Magpa and Kimura (1956) have shown that, for the particular electron density 
distribution which they have taken, a considerable deviation of the ray path out- 
wards from a magnetic line of force can take place, so that the bulk of the whistler 
energy arising from a lightning source may arrive in the opposite hemisphere at a 
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point up to 2000 km nearer the geomagnetic pole than the conjugate point. The 
extent of this outward deviation (or ‘“‘polar creep’’) is, however, critically depen- 
dent upon the electron density distribution, especially that near the top of the 
path. The distribution of equation (15) shows a much greater electron density at 
extreme heights than does that taken by MAEDA and Kimura, which is also shown 
in Fig. 5. The amount of polar creep is therefore expected to be much less than 
that calculated in their paper. Other experimental evidence to elucidate this point 
is somewhat meagre. The rare occurrence of trains of whistler echoes in which the 
amplitudes of successive echoes increases, reaches a peak, and later decreases, has 
been interpreted as being due to polar creep. On the other hand DinceEr (1956) 
notes that at Washington whistlers are heard from storms in the north more 
frequently than from storms in the south, in spite of the fact that storms are 
generally more numerous in the south. This would certainly not be expected 
if polar creep were important. 


4.2. Shape of earth’s magnetic field 

Recent determinations of the “cosmic ray equator” (e.g. Rose et al., 1956) 
have shown that it is displaced from the geomagnetic equator by several degrees in 
places. Thus the shape of the earth’s magnetic field evidently differs from that 
of a simple dipole field in the outer ionosphere as well as near the surface of the 
earth. From the analysis of surface measurement of the field, a higher-order 
approximation to the true field has been obtained by BLock and HERLOFSON 
(1956) by postulating a quadrupole in addition to the dipole. They have calculated 
the positions of the southern hemisphere points conjugate to 123 selected points in 
the northern hemisphere, taking into account the quadrupole term. Some support 
for these calculations can be obtained by comparing the occurrences of whistlers at 
Wellington and Dunedin and at Unalaska, Alaska. On the dipole approximation, 
the point conjugate to Unalaska would be distant 750 km from Wellington, but 
only 250 km from Dunedin. The inclusion of the quadrupole term shifts the conju- 
gate point to a position only 280 km from Wellington, but 430 km from Dunedin, 
i.e. it is now nearer to Wellington than to Dunedin. For the period 3 November 
1956 to 3 February 1957, it was found that on 46 per cent of the occasions when a 
short whistler was heard at Unalaska, a corresponding long whistler was heard at 
Wellington, whereas on only 20 per cent of such occasions was a corresponding long 
whistler heard at Dunedin. 

It appears from Biock and HER LorFsSoN’s calculations that the lines of force 
through Hanover and Washington re-enter the earth about 5° nearer the south 
geomagnetic pole, and those through Dunedin and Wellington 2-3° nearer the 
north geomagnetic pole, than would the simple dipole field; so that in all four cases 
the whistler path is somewhat longer than was assumed in the calculations of 
Section 3. For this reason the derived values of electron density in equation (15) 
may be 20 to 30 per cent higher than actual. 


4.3. Distribution of electron density with latitude 


It was initially assumed that surfaces of constant electron density were spheri- 
cal about the centre of the earth, i.e. that the (NV, h) distribution is independent of 
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latitude. This is obviously an idealization, since the total electron content per 
unit column up to the /2-layer peak is known to be greater at the equator than at 
the poles. On the other hand, there is presumably a greater probability of electrons 
from extra-terrestrial sources entering the outer ionosphere at high latitudes. In 
the absence of quantitative data this question of spherical symmetry remains 
unanswered. It may be that a detailed examination of whistler spectrograms from 
a range of known source latitudes, in comparison with curves of the type shown in 
Fig. 7, discussed in the next section, will reveal the extent to which the (N, A) 
distribution does in fact vary with latitude. 


5. THe Nose WHISTLER EFFECT 
A more exact treatment of whistler propagation leads to a further correction of 
the electron densities in equation (15). It has been pointed out by HELLIWELL et 
al. (1956) and independently by Extis (1956) that for high latitude whistlers, the 
gyrofrequency fz min at the top ofthe whistler path is not much greater than the 
highest received whistler frequency. For instance if the source latitude is 60°, 
then fy min is 13-8 ke/s. Under these circumstances, the Eckersley—Storey approxi- 
mation no longer holds, and instead of finding a time of travel ¢, from equations (1) 
and (2), viz. 
(16) 


/ 


a modified time ¢,’ is obtained from 


; ] 
bh ed (17) 


2c J. 


in which f is now allowed to approach fy, in magnitude, so long as it is still much 
less than fy (e.g. if N = 400 cm, then f, = 178 ke/s). 
Expressing equations (16) and (17) in differential form, and combining them, we 
have 
it 18 
Cire” wm 
This shows that the time spent in travelling through a small length ds of the path is 
greater than would be expected on the Eckersley—Storey approximation, by a 
factor [1 — (f/f,)|~*” which will here be called the ‘“‘nose whistler function” F(f/f,). 
This function is shown in Fig. 6; it approaches unity as f approaches zero, so that 
when f is much less than f, the Eckersley-Storey approximation holds. The 
dispersion D as already defined in equation (1) according to this approximation 
may thus be identified with a fictitious “dispersion at zero frequency” Dp, i.e. 
D, = lt (tf) (19) 
{+0 
At any other frequency, if equation (1) is used, a measurement of the travel time 
t,’ will yield an ‘‘apparent dispersion” at that frequency (D,’), which will be 
greater than D, since, from equation (18), dt,’ is greater than dt, throughout the 
ionospheric path. 
It can be seen from the above that t,’ will become infinitely large as f approaches 


dt,’ = 
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either f;, or zero. For some value fy of frequency lying between 0 and f,, the value 
of t,’ will be a minimum; fy is called the ‘‘nose frequency” and is the value of 
satisfying the condition 


diy id fufo | ee 
df cdf | | jam Z! — fe ds| = 0 (20) 


Spectrograms of high-latitude whistlers showing this nose effect have been given 
by HELLIWELL ef al. and by Dincer (1956). Our concern here is, generally to caleu- 
late the spectrograms to be expected from the (N, h) distribution derived in the 


ee 





= = DS) 
oO) ie!) oO 


ES 
Scale for curve (b) 


Nose whistler function, F (f/f,,) 
Scale for curve (a) 





no 

















5 





fo) 
Q 


(Vf,) 
Fig. 6. The nose whistler function 


F(f/fa) = (1 — f/fa)-? 


previous section, and particularly, to determine to what extent the derivation, 
which was based on the Eckersley—Storey approximation, was valid at 5 ke/s. 

The apparent dispersion D,’, and consequently the travel time ¢,’, is calculated 
by mutiplying the right-hand side of equation (13) by the nose whistler function 
averaged over the interval P,P, i.e. 


apy = (°)(5) {r, ( 4) +F(4)| (#2) + (FZ) Ju) —fil,)} (21) 


and summing as before. As this equation is dependent upon frequency, the 
summation must be made separately for a number of frequencies in order to plot 
the spectrogram. However, since the Eckersley—-Storey approximation calcu- 
lations using equation (14) will have already been made, little extra computing 
effort is needed to determine the extent of the nose effect. 

The calculated spectrograms for source latitudes of 45°, 50° and 55° are shown 
as full curves in Fig. 7. These latitudes are closely those of Wellington, Washing- 
ton and Hanover respectively. The broken curves represent the corresponding 
Eckersley-Storey approximations. A few spectrograms have been made of 
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whistlers received at Wellington; these are consistent with the curves of Fig. 7 up 
to the highest analysed frequency (8-5 ke/s), when it is taken into account that no 
information on the location of the sources was available, and therefore the source 
latitude could have differed from the receiver latitude by 10° or more. 

In conclusion, the curves of Fig. 7 show that the nose effect at 5 ke/s introduces 
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Fig. 7. Spectrograms for latitudes 45°, 50° and 55° calculated from the (N, h) distribution 
of Fig. 5. (The triangles denote the nose frequencies; the dotted curves are the corre- 
sponding spectrograms on the Eckersley—Storey approximation.) 


about 10 per cent additional travel time for /y = 55°, and lesser amounts at lower 
latitudes. Hence the (N, hf) distribution of equation (15) may indicate electron 
densities up to 20 per cent higher than actual at extreme heights (in the vicinity of 


13,000 km) because of this. 


6. THE ExLectron Density at Hericuts ABOVE 13,000 KM 


The frequent occurrence has been noted of multiple whistlers apparently 
arising from the same source. At high latitudes, where fy is within the recorded 
range of frequencies, multiple nose whistlers have been observed, in which fy 
decreases for successive components. This phenomenon can be interpreted as follows: 

A lightning flash illuminates the lower edge of the ionosphere over a range of 
latitudes up to 10° or more on either side of the flash. Under certain conditions, 
probably associated with magnetic disturbances, the lower edge of the ionosphere 
can be considered as the location of several secondary sources, each launching a 
pulse of energy into the ionosphere at its appropriate latitude. In this way 
series of whistlers are produced at the conjugate region, each whistler having been 
guided along a separate path, and acquiring values of fy and t,,’ characteristic of 
the latitude of its secondary source. Since fy decreases and t,,’ increases with 
latitude, in the resulting series of whistlers, fy is found to decrease with travel-time. 

If we allow this interpretation, we can then proceed to calculate from Fig..7 how 
fy would vary with travel-time. By using equation (15) this curve can be extra- 
polated to higher latitudes. To facilitate comparison with experimental data, the 
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rate of decreases of fy is plotted against f, in Fig. 8. The appropriate values of /, 
are marked on the curve, and the region covered by the extrapolation is shown as a 
broken curve. For comparison, such experimental data as have been published by 
HELLIWELL and by DrnGer are also plotted. There is close agreement for the 
points in the vicinity of J) = 55°, but for higher latitudes the experimental rate of 
decrease of fy fairly quickly falls below the extrapolated rate. It can be shown 



































Fig. 8. Curve derived and extrapolated from Fig. 7 showing the rate of decrease of nose 
frequency in a multiple whistler as a function of the nose frequency, compared with 
experimental points. 


that this would happen if the electron density decreased less rapidly with height 
above 13,000 km than is given by equation (15). Such information as is available 
for greater heights (e.g. HELLIWELL, 1956) suggests that the electron density at 
27,000 km may in fact be from ten to twenty times that calculated by extrapo- 
lating equation (15) beyond the range of the data on which it is based. 


7. THe Duncey DISTRIBUTION OF IONIZATION 


DunGEy (1954) has suggested on theoretical grounds that the electron density 
distribution in the outer ionosphere may be of the form 
2-5) 


N = N,exp (=) 


where FR is the distance from the centre of the earth, measured in earth’s radii. 
This distribution was used by STOREY (1957) as the starting-point for a worked 
example illustrating his method of determining the (NV, ) distribution from a 
single whistler spectrogram. His discussion of likely errors arising from the use of 
his method is based on those arising in the worked example, in the hope that they 
will be ‘‘fairly representative of those likely to occur in practice’. It is appropriate 
here to compare the (NV, h) distribution derived in this paper with the Dungey 
distribution, plotted in Fig. 5. The value of NV, in the Dungey distribution has 
been chosen so that the values of NV are the same at a height of one earth’s radius. 
The difference between the two distributions is immediately apparent. 

A consequence of this difference is that the constant-density approximation 
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(i.e. the ‘upper limit” of Section 2.2, which is identical with StorEy’s ‘zeroth 
approximation’) yields an electron density at a height of 13,000 km which is about 
five times that given by the final approximation, whereas for the Dungey distri- 
bution Srorey finds that the constant-density approximation comes within 30 
per cent of the true density at the top. The contribution to the dispersion is 
actually much more uniform throughout the height range than is given by the 
Dungey distribution. 
8. CONCLUSION 

An empirical method has been given for determining the variation of electron 
density with height in the outer ionosphere, when data on whistler dispersions are 
available from a number of stations, so that the variation of dispersion with 
latitude is initially known. The method has been applied to dispersion data from 
two North American and two New Zealand stations, averaged over the period 
January to May 1957, and supplemented by some earlier low-latitude data from 
two Japanese stations. Between the heights of 1000 and 13,000 km the derived 
(NV, h) distribution is closely that of an ionosphere whose electron density decreases 
exponentially with height according to the equation 


ae 
N = 5-75 x 104 exp ee 


where N is in em~? and h/ in km. 

In the method various assumptions and approximations have been used, and 
the validity of these has been discussed. From this and from a few supplementary 
experimental results involving the nose whistler effect, it is estimated that the 
above equation is not likely to be in error by more than 50 per cent throughout 
this region for the period under consideration. 


Acknowledgements—This work forms part of the radio research programme of the 
Dominion Physical Laboratory. The data for Hanover and Washington were 
kindly supplied by Dr. M. G. Moraawn of Dartmouth College, Hanover, whilst the 
Dunedin station was operated by Mr. L. H. Martin of New Zealand Broadcasting 


Service. The author also acknowledges the benefit of helpful discussions with 


colleagues. 
REFERENCES 

Auutcock G. McK and MorcGan M. G. 1958 J. Geophys. Res. In press. 

Biock L. and HERLOFSON N. 1956 Tellus 8, 219. 

CHAPMAN S. and Suaiura M. 1956 J. Geophys. Res. 61, 485. 

Dincer H. E. 1956 Report 4825, Naval Research Labora- 
tory, Washington, D.C. 

DuncEy J. W. 1954 The Physics of the Ionosphere p. 229. 
Physical Society, London. 

Evuis G. R. 1956 J. Atmosph. Terr. Phys. 8, 338. 

HELLIWELL R. A. 1956 Low Frequency Propagation Studies 
Part 1. Radio Propagation Labo- 
ratory, Stanford, Calif. 

HELLIWELL R. A., Crary J. H., Popr 1956 J. Geophys. Res. 61, 139. 

J. H. and Suiru R. L. 

Iwar A. and Oursu J. 1956 Proc. Res. Inst. Atmosph., Nagoya 

Univ. 4, 29. 





The electron density distribution in the outer ionosphere derived from whistler data 


1956 Rep. Ionos Res. Japan 10, 105. 


Maepa K. and Kimura I. 
1956 Canad. J. Phys. 84, 968. 


Rosse D. C., Fenron K. B., Katzman J. 


and Simpson J. A. 
1953 Phil. Trans. A 246, 113. 


Storey L. R. O. 
StorEY L. R. O. 1957 Canad. J. Phys. 35, 1107. 





Journal of Atmospheric and Terrestrial Physics, 1959, Vol. 14, pp. 200 to 212. Pergamon Press Ltd. Printed in Nothern Ireland 


Photoelectric measurements of hydrogen emissions 
in aurorae and airglow* 


R. MontTaLBetTtit 
University of Saskatchewan, Saskatoon, Canada 


(Received 18 July 1958) 


Abstract—Observations are reported on hydrogen emissions in aurorae and airglow made with a scanning 
spectrometer during the period 10-24 February 1958 at Churchill, Manitoba. No systematic relationship 
between the occurrence of the Hg line and the usual auroral forms was noted, with the exception of very 
strong active displays in which hydrogen emissions were not observed. Measurements of the intensity 
and profile of the Hg line indicate that a proton flux of some 107-108 protons/em? sec, with some protons 
having an initial velocity of >3000 km/sec, are associated with some auroral displays. Strong hydrogen 
emissions, along with enhanced airglow radiations, were detected during an interval of no visible aurorae. 
Assuming that light scattering played an important role in the measurements, the Hz and Hg line pro- 
files can be explained by an influx of monoenergetic protons having an initial velocity of about 1200 
km/sec. The flux for the beginning of the enhanced radiations was calculated to be the order of 108 
protons/cm? sec. 


1. INTRODUCTION 


Srxce the discovery of hydrogen Balmer emissions in some aurorae by VEGARD 
(1939), a number of researchers have continued to make measurements in an 
attempt to assess the importance of the impinging proton stream as a primary 
excitation source for the aurora. The Doppler shift and the line broadening 
reported by MErNEL (1951) and VEGARD (1956) leave little doubt that, on occasions, 
the protons do enter the upper atmosphere with velocities greater than some 3000 
km/sec. Fan and Scuute (1954) have reported that in aurorae observed from 
Yerkes Observatory the Balmer lines are always present in auroral arcs but 
absent in auroral rays. From these observations, CHAMBERLAIN (1954b) concludes 
that protons could be the cause of auroral ares, since the calculated hydrogen 
luminosity curves are in reasonable agreement with the observed luminosity curve 
of ares. In another paper, CHAMBERLAIN (1955) shows that it might be possible for 
the protons to provide the necessary acceleration of ionospheric electrons, the 
electron current becoming constricted along narrow paths which appear as rays. 

Other works have considered the occurrence and intensity of hydrogen in 
aurorae on a statistical basis in an attempt to correlate the emissions with magnetic 
activity and its latitude distribution (MONTALBETTI and VALLANCE JONES, 1957; 
VEGARD, 1958; GARTLEIN, 1952). MonTALBETTI and VALLANCE JONES found a 
negative correlation between H, emissions and magnetic activity at Churchill 
whereas a positive correlation was observed at Saskatoon. GARTLEIN found no 
correlation for observations made at Ithaca, New York. 


* The research reported in this paper was sponsored by the Radio Physics Laboratory, Defence 
Research Board, under contract. 
Xadio Physics Laboratory, Defence Research Board, seconded to Physics Department, University 
of Saskatchewan, Saskatoon, Saskatchewan, Canada. Present address: Defence Research Northern 
Laboratory, Fort Churchill, Manitoba. 
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These deductions were based on observations made with spectrographs which 
require relatively long exposure times making a detailed study of the temporal 
variations of the emissions difficult. Hunren (1955), has pointed out from a 
number of preliminary photoelectric measurements that the Balmer line H, shows 
sudden variations and that its occurrence cannot be predicted. For these reasons 
it seemed very desirable to make a further study of the hydrogen emissions using 
photoelectric techniques at a site well within the auroral zone. 

This was done for the H, emissions at Churchill, Manitoba, during the period, 
10-24 February 1958, when a number of rockets instrumented for the measure- 
ment of electron and proton fluxes were fired into aurorae. The period was one 
with a large number of auroral displays, including the notable display of red 
aurora (Type A) on the night of 10-11 February. The results of these observations 
are reported in this paper. 


2. INSTRUMENTATION 


A scanning spectrometer, similar to that reported by HunTEN (1953), 
except for the size of the grating (8 x 8 in.), was used to detect the H, line in 
aurorae and airglow. The H, line was chosen in preference to the stronger H, line, 
because it is in a spectral region relatively free from auroral emissions and where 
the response of the 1P21 photomutiplier detector to incident radiation is large. 
The spectrometer was operated with a slit width of approximately 7 A, scanning 
the region 4580 A to 4950 A in second-order in 12 see sweeps every 15 sec. A 
secondary standard low brightness source (SHEPHERD, 1954) was used to calibrate 
the spectrometer so that absolute intensities could be determined. 

As part of the International Geophysical Year programme other instruments 
were operating during this interval. These were a patrol spectrograph (Perkin— 
Elmer Corp., 1956), auroral intensity recorder (HUNTEN, 1956) and all-sky cameras 
(Meek, 1955); and they provided additional information on night-sky conditions. 
A small grating spectrograph was operated most of the time to monitor the H, line 
in the zenith. This instrument, described in a paper by MOoNTALBETTI and 
VALLANCE JONES (1957), was modified so that the spectroscopic plate moved past the 
camera lens at approximately 0-15 in./hr, and thus recorded the variation of the 
spectral features between 5577 A and 6800 A (H, in particular) as a function 
of time. Because of the continuous motion of the plate during the entire night, 
only relatively strong emissions were detected. 


3. OBSERVATIONS AND RESULTS 

During the period of 10-24 February 1958, a relatively large number of auroral 
forms and types were observed. Type A aurora was viewed during the great 
display of 10 February and very strong active aurorae were seen on two separate 
nights. 

The hydrogen emission was monitored continuously every night except during 
periods when heavy overcast was present. The results are given below according 
to the particular measurements that were undertaken. It should be noted that the 
programme was of an exploratory nature, and was not intended as a statistical study 
of any one point. 
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3.1. Auroral forms and hydrogen emissions 

The spectral region 4580 A to 4950 A was scanned to provide intensities of the 
H, line and of the (0, 2) and (1, 3) N> bands. In Table 1, the brightness of the 
hydrogen line, B(H,), and of the (0, 2) NJ band, B(4709) expressed in Rayleighs 
(R), are tabulated in the third and fourth column respectively. The ratio of each 
pair of values is given in the fifth column, and is followed by a description of the 
aurora from which the value was obtained. Only the results for auroral forms 
brighter than intensity J are given in the table, because of the low signal to noise 
ratio for weak forms. There was, however, one occasion when strong hydrogen 














Fig. 1. Typical spectra taken over the period 10-24 February 1958, showing occurrence 
and non-occurrence of Hg with similar auroral forms viewed in different displays. (a) 
Homogeneous ares; (b) bands; (c) rays; (d) diffuse surfaces. 


emissions were recorded without the occurrence of visible aurora. This is included 
in the table (16-17 February), and is discussed at greater length in Section 3.2. 

It is probable that the radiations from the homogeneous ares and rays did not 
completely fill the field of view of the scanning spectrometer. Thus the brightness 
of the two spectral features may have been greater than that reported here. The 
ratio should still be correct. 

An examination of these tabulated results indicate that the intensity of the 
hydrogen emissions do not correlate with specific auroral forms; at least for aurorae 
viewed from Churchill which is approximately at the centre of the auroral zone. 
This result is clearly illustrated in Figs. l(a) to (d), where two typical spectra 
are reproduced for each of four auroral forms (homogeneous arcs, bands, rays and 
diffuse surfaces) observed at different times. In Fig. l(c), for example, the top 
curve shows a spectrum obtained while the spectrometer was pointed at an isolated 
ray, while the bottom curve represents the spectrum secured at another time for a 
similar form. In the first case the H, line is very strong while in the bottom curve 
there is no evidence of the hydrogen line. The situation was the same for the other 
three forms. It is estimated that a brightness of less than some 50 R would, in 
general, not have been detected with the spectrometer as it was employed. The 
fact that on a number of occasions H,; was detected in rays and not in homo- 
geneous arcs is not in agreement with the results of FAN and ScHULTE (1954). 
However, in agreement with their results, no hydrogen emission was detected in 
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Table 1. 





Time | B(Hs) | B(4709) | Hg re: 
CST | (R) | (R) | 4709 Auroral forms 


| 





10-11 February 1958 2232 260 370 0-70 RB type A 
be 240 640 0:37 DS type A 
340 850 0-40 DS no red 
850 2900 0.29 DS type A 
530 1800 0-30 DS no red 
160 320 0-50 DS no red 
850 1600 0-54 DS type A 
0045 3000 <0:02 | C type A 
0054 3000 <0:02 | B red and green 
0057 | 2300 <0-02 DS red and green 
0110 450 <0-1 DS type A 
0122 750 <0-07 DS type A 


12-13 February 1958 





2358 1000 <0-05 | BIil 
0040 5000 <0-01 Flaming 
14-15 February 1958 | 2230 <0-03 HA 
2310 - HA 


0100 | si HA 





15-16 February 1958 2350 | <0-007 Flaming 
0002 2400 <0-02 C 

0021 270 300 0-90 DS (zenith) 
0025 180 420 0-43 Rays 
0040 150 300 0-50 | HA 
0130 900 <0:05 | HA 
0120 y 0-78 B 





16-17 February 1958 1950 55 - none (zenith) 

2037 22 none (E. elevation 30°) 
2041 2 - none (zenith) 

0024 ; Isolated ray 

0215 560 1800 ¢ RA and RB 

0247 250 230 : RB 

0308 n 2000 

0315 n 760 








17-18 February 1958 1932 1600 <0-03 
2000 1700 <0-03 
2139 1000 <0-05 
2253 760 <0-07 
2302 2400 <0-02 
2312 820 <0-06 
2314 | 630 | <0-08 
2350 570 0-65 | RA type B 
0011 880 <0-06 C 
0035 2400 | <002 | B Il 
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Table 1.—(continued) 


Time B(H,) B(4709) ; | oe as E 
Date CST (R) (R) 4709 Auroral forms 


17-18 February 1958 0055 1500 <0-08 B 
0255 1100 <0-05 HA 
0257 350 <0-1 HB I 
0412 2500 <0-02 RB II 
0430 800 <0-06 DS 


2203 1000 <0-05 HA 
0028 1000 <0-05 RB 
0032 1000 <0-05 HB 


18—19 February 1958 


20-21 February 1958 2109 6000 < 0-008 RB II-II1 
2117 550 <0-09 RB 

2256 690 0-46 HA 

2320 900 0-37 Faint cloud 
2331 4 520 0-52 Faint cloud 
2342 420 0-76 Faint cloud 
0005 370 0-43 R I 

0235 240 0-92 Cloudy 


1948 600 0-67 HA 

1952 2000 <0-02 B (zenith) 
2010 100 “ Ds 

2049 60 3° HA 

2130 400 <0: HA and DS 
2300 1100 R 

2302 470 R 

2336 330 

2331 4500 

2356 1600 


21-22 February 1958 


not detected (<50 R) 

unit of brightness in rayleighs. 
the very strong active auroral forms such as very bright rayed ares and rayed 
bands. This is also in agreement with the results of MONTALBETTI and VALLANCE 
JONES (1957) who observed no H, emission in some twelve major displays at 
Churchill during the 1954-1956 period. In fact, the observations reported in 
Table 1 shows that, with the exception of type A aurora, no H,; emission was 
detected in aurorae when the (0,2) NS band was brighter than 2000 R. This 
suggests that many auroral displays take place without the emission. 

During the time of the great auroral display of 10-11 February when type A 
aurora was observed for some 3 hr, the hydrogen emissions varied considerably. 
At the beginning of the display, H, appeared very strong in all the type A forms but 
in the later stages of the display it was not detected in either the more usual or the 
type A forms. This detailed study of the variation of the hydrogen emissions with 
auroral forms suggests that the impinging proton stream is not the direct cause 
of all auroral displays. While many forms were accompanied with hydrogen 
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emissions, which points to auroral excitation by protons, many of the same forms 
showed no such emissions. It is possible that during these times the proton stream 
was far south of the Churchill station and that the electron stream produced the 
auroral excitations. If this were so, the latitude displacement of the stream 
would have to vary rapidly since forms were observed within a 5 min interval in 
which the H, line varied from an undetectable level to 170 R. (See results in 
Table 1 for the night of 21-22 February). 

Taking CHAMBERLAIN’s (1954a) deduction that 11 quanta of H, radiation are 
emitted per proton on passage through the atmosphere a proton flux of 107-108 
protons/cm? sec. is necessary to explain the H, brightnesses from 150 to 850 R. 
The proton flux may have been larger than this, since the radiation from homo- 
geneous arcs and rays probably did not fill the field of view of the spectrometer. 
However, the value is in good agreement with HUNTEN’s (1955) observations. 


3.2. Hydrogen emissions in enhanced airglow 

Although most of the hydrogen emissions were detected during periods of 
visible aurorae, there was a 14 hr interval during the night of 16—17 February when 
strong H, radiation was observed with no visible aurorae present. In Fig. 2 the 
brightness of the line, as measured in the zenith, is plotted against time (CST). No 
observations are available prior to 1950 hours owing to the spectrometer being 
employed on another programme. The hydrogen emission decreased steadily from 
a value of 500 R at the start of the observations to an undetectable level at approxi- 
mately 2115 hours. A typical spectra obtained at the beginning of the run is 
shown in Fig. 3(a). It is clear that no (0, 2) NZ radiation was detected, whereas the 
H, line was very intense. 

In Fig. 2 the relative intensity of the 5577 A OI line, as measured in the zenith 
is shown for the same 13 hr interval. This information was taken from the auroral 
intensity recorder which scans a meridional strip of the sky 15° wide from horizon 
to horizon twice every 5 min (HuNTEN, 1956). The intensity of the 5577 A line 
decreased continuously reaching a normal night-sky value at approximately the 
same time that the H,; emissions reached an undetectable level. The similarity of 
these two curves indicates an enhancement of night-sky radiations by the charge 
exchange reaction between the incoming protons and the atmospheric atomic 
oxygen. 

All of the observations were made in the zenith except for a 5 min interval when 
the spectrometer was pointed in other directions. In Fig. 3(b) a typical spectrum 
obtained with the instrument pointing eastward at an elevation of 30° is shown 
(curve a), while curve (b) is the spectrum observed in the zenith some 30 sec 
earlier. Since the hydrogen emissions were approximately the same intensity in 
all directions, the proton stream must have covered a considerable area and it is 
unlikely that it was associated with any auroral form below the threshold of 
visibility. 

No further H,; emissions were observed from 2115 hours until about 0024 hours 
when a weak auroral display developed and the hydrogen line reappeared in some, 
but not all, of the auroral forms that ensued. It was not observed again during 
intervals of no visible aurorae. 
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The small moving plate spectrograph, mentioned in Section 2, yielded similar 
qualitative results. The OI lines, 5577 A, 6300 A and 6364 A, as viewed in the 
zenith, were enhanced at the start of the exposure and steadily decreased to a 
constant intensity at about 2130 hours. The H, line followed the same behaviour 
except that it reached an undetectable level at 2120 hours, and was not recorded 
again on the spectroscopic plate during the remainder of the night. 

The possibility that these enhanced radiations were associated with a major 
auroral display south of the station was considered. The all-sky camera film from 
Bird, an IGY station 250 km south of Churchill, and the auroral intensity recorder 
tape from The Pas, some 700 km south-west of Churchill, revealed that only very 
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weak aurorae were present during the period under consideration. In addition, these 
aurorae were recorded only to the south of both stations. The evidence is substan- 
tial that the hydrogen emissions were not associated with an intense auroral 
display and that they did not precede one. 

An attempt was made to determine the energy of the incoming protons by 
examining the profiles of the H, line, obtained with the Churchill patrol spectro- 
graph, and of the H, line, observed with the scanning spectrometer. The details of 
the measurements are discussed in the next section. It is sufficient to point out here 
that the extent of the violet wing on both profiles indicated that the initial proton 
velocities did not exceed approximately 1200 km/sec. Such low velocity protons 
would not penetrate below the 130 km level. This is consistent with the obser- 
vation that the green and red lines of OI were enhanced, while the (0, 2) NJ band 
could not be detected. 

The proton flux giving rise to the observed brightness of the H, line during the 
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interval of strong hydrogen emissions may be calculated from CHAMBERLAIN’s 
work (1957). Taking his published curve for the relative number of quanta emitted 
per unit diminution of velocity, and the result that a proton with an initial 
velocity greater than 4000 km/sec emits about 11 quanta of H, radiation in its 
passage through the atmosphere, it is readily shown that a proton with an initial 
velocity of 1200 km/sec should emit about 1 quantum. The observed brightness of 
the H, line at the beginning of the observations was 500 R, of which about one- 
third was probably the real zenithal brightness (see next section). This corres- 
ponds to a proton flux of the order of 108 protons/em? sec. 


a 
486i A 





FU ern) 
0 -20 -10 O +10 +20 #30 
A in A 
Fig. 4. Zenithal Hg line profile secured with scanning spectrometer on night of strong 
hydrogen emission without visible aurorae: (I) is observed profile; (II) is the assumed 
curve due to light scattering; (III) is the deduced true zenithal profile. 

A continuum was observed on the spectra secured with the scanning spectro- 
meter, as is evident from the examples shown in Figs. 3(a) and 3(b). Although it 
was also observed during periods of aurorae, it was more clearly defined during 
the period of the strong hydrogen emissions, and appeared more intense toward the 
horizon than the zenith (compare (a) and (b) in Fig. 3(b)). The occurrence of this 
continuum has been reported by OmMHOLT (1957) for those stages of an auroral 
display when rays or pulsating forms occur. The present observations point to its 
more frequent occurrence. Further measurements are required to establish the 
intensity of this continuum, since the present results may be contaminated by 


scattered light from ground level. 


3.3. Hydrogen Balmer line profiles 

During the time of strong hydrogen emissions with no visible aurorae, the 
spectrometer scanned a comparatively large spectral region; and hence the profile 
of the H, line could only be measured to a limited accuracy. An example of such a 
profile from a zenithal observation at the beginning of the period is shown in Fig. 4, 
and is labelled (1). To within about +2 A, the peak of the profile is unshifted and 
the violet wing extends some 23 A from the peak. If the profile is due entirely to 
protons travelling along the line-of-sight, its shape can only be reconciled with a 
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velocity distribution in the stream, most of the protons having extremely low 
initial velocities (<100 km/sec). Since obviously the incoming protons covered a 
large extent of sky a more plausible explanation appears to be that the scattered 
light from all regions seriously modified the true zenithal profile. Assuming that 
the horizon profile is symmetrical, (as MEINEL’s (1951) observations on aurorae have 
shown), and that the red wing of the profile is due entirely to the scattered light 
from the horizon, a symmetrical profile was traced out in Fig. 4 (curve II). The 
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Fig. 5. H, line profiles taken with patrol 
spectrograph on the night of 16-17 
February 1958. (a) Horizon profile. 
(b) Zenithal profile. For explanation of 
various curves see text. 
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difference between these two profiles is then the actual zenithal profile, and corre- 
sponds approximately to what would be observed if all the protons entered the 
upper atmosphere with a velocity of 1200 km/sec. The actual sharp cut off on the 
violet side of the H, line due to monoenergetic protons would be smoothed out to a 
linearly rising front as the exit slit scanned across the spectral line. The peak 
would also occur about 8 A away from the extreme end of the wing. It is clear 
that the actual brightness of the H, line as observed in the zenith would be about 
one-third of the measured brightness. 

In order to pursue the above considerations further, the spectra secured with 
the Churchill patrol spectrograph were analysed. The spectra resulted from a 
single exposure covering the interval from 1955 hour to 2255 hours and included 
the period of strong hydrogen emissions. The H, profile for both zenith and horizon 
could be measured since a meridional strip of the sky is focussed on the entrance 
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slit. In Fig. 5 (a), the profile measured in the zenith is shown (curve I), while 
the horizon profile is reproduced in Fig. 5 (b) (curve I). The two curves were nor- 
malized to equal intensity at the peak. It is evident that both profiles are asym- 
metrical with the horizon profile having the greatest asymmetry, that the peak 
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Fig. 6. Hg line profile secured during night of 20-21 February 1958, with scanning spectro- 


meter viewing weak zenithal aurorae. Curve (I) is observed profile while (II) is profile 
corrected for instrumental broadening. 


of the zenithal profile appears displaced some 4 A, and that, to the accuracy of the 
measurements, the horizon profile is unshifted. Continuing on the assumption that 
the horizon profile should be symmetrical, curve (II) of Fig. 5(b) was assumed as 
the true horizon profile and was subtracted from the observed one. The resultant 
curve (III) should then correspond closely to the zenithal radiation that was 
scattered by the lower atmosphere. 

The zenithal profile was examined with the view that the red wing could be due 
to scattered horizon light. A symmetrical and undisplaced horizon profile was 
matched to the wing, and subtracted from the measured profile to yield the sup- 
posed true zenithal profile (curve III) of Fig. 5(a)). (There is reasonable agreement 
between this curve and that deduced from the horizon profile.) In this analysis, it 
turns out that the amount of horizon radiation that is scattered in the zenith is 
greater than the reverse, which would be expected since the hydrogen emissions 
appeared to originate from all directions. Furthermore it should be noted by 
comparing curve (III) of Fig. 4 to curve (IIT) of Fig. 5(a) that the scattered light 
contributed less to the H, than to the H, profiles as measured in the zenith. This 
would be expected from the wavelength dependence of rayleigh scattering. 

The violet wing of about 25 A indicates a line-of-sight proton velocity of 1100 
km/sec in agreement with the spectometer measurement of the H, profile. How- 
ever, the shape of the H, line profile does not agree too well with what would be 
expected if all the protons were monoenergetic, and had an initial velocity of 1100 
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km/sec. This may not be serious since the exposure covered a relatively long 
period of time during which the initial proton velocity could have decreased. 

The results from both the scanning spectrometer and from the patrol spectro- 
graph may be qualitatively explained if light scattering is assumed to play a major 
role in the measurements. The above analysis can only be approximate since the 
curve which was assumed to be due to scattering could be considerably modified by 
contributions from scattered radiations from all regions of the sky. The accuracy of 
the measurements do not warrant the more detailed analysis. 


e 
6364A 





Fig. 7. Hz line profile from moving plate spectrograph pointing in zenith. (I) is observed 
profile of emissions associated with aurorae; (II) is Hg Fraunhofer line in moonlight. 


An accurate measurement of the H, line profile during periods when the hydro- 
gen emissions were associated with aurorae was attempted on the night of 20-21 
February 1958. The scanning spectrometer was employed with a 7 A slit width 
and adjusted to scan a relatively small spectral region of 100 A. A series of six 
scans, all taken on rather weak zenithal aurora during a time interval of some 2 min 
were averaged and yielded the profile shown in Fig. 6 curve (I). This was corrected 
for instrumental broadening according to the graphical method reported by 
BRACEWELL (1955) and is shown as curve (II) of the same figure. The observed 
shift of about 1 A and a violet wing extending some 38 A from an undisplaced peak 
agrees very well with Vecarp’s (1956) results of a 1-5 A and a 35 A wing. 

The H, profile was measured on a spectroscopic plate which was exposed during 
the night of 25-26 February in the moving-plate spectrograph. The instrument 
was pointed at the zenith for the entire night, and showed strong hydrogen emis- 
sions associated with zenithal aurorae. On other occasions when the H, line was 
detected with the spectrograph, the plate density was usually too low for good 
microphotometering. In Fig. 7, curve (I) corresponds to the observed profile (no 
correction was made for plate density vs. light intensity, or for instrumental 
broadening), while curve (II) is the Fraunhofer H, line observed in moonlight. A 
violet wing of some 68 A and a shift in the peak of 8 A is observed which agrees 
very well with Mrrnew’s (1951) observations of a 70 A wing and a 10 A shift. 

Although the H, and H, line profiles were secured on different nights, they 
agree with independent measurements made by other workers. The violet wing of 
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the H, line indicates an initial proton velocity equal to or greater than 3100 km/ 
sec while the H, wing gives an initial velocity of about 2300 km/sec. It should be 
stressed, however, that the shift of the H, line is far less than expected. The cross- 
section for the emission of H, radiation is a maximum for protons having a velo- 
city of about 2270 km/sec while in the case of the H, emission this occurs at about 
2000 km/sec (CHAMBERLAIN, 1958). It is possible that scattering by the lower 
atmosphere plays an important role in modifying the true H, zenithal profile. 
Further measurements are planned to investigate this point. 


4. CONCLUSIONS 


The results of this preliminary investigation may be summarized as follows: 

A systematic relationship does not appear to exist between various auroral 
forms and hydrogen emissions at places within the auroral zone. Strong 
displays occur without detectable hydrogen emissions. The intensity of the 
hydrogen line varied rapidly and its occurrence could not be predicted. The 
proton flux associated with displays showing strong H, emissions was calcu- 
lated to be the order of 107-108 protons/cm? sec. 

Hydrogen emissions are not necessarily associated with visible aurorae, since 
strong H, radiations were observed over a relatively long period without visible 
aurorae. On this occasion the incoming protons covered a large area of the sky. 
Also they probably were monoenergetic and had an initial velocity of 1100 km/ 
sec, although this latter point is by no means well established. A proton flux 
of some 108 protons/em? sec was deduced from the initial brightness of the 
H, line. 

The measurements of the line profiles during the period of strong hydrogen 
emissions without visible aurorae can be explained by assuming that scattering 
of light plays an important role in modifying the true profiles. If this is the 
case, correction for scattering should also be considered in profile measurements 
on hydrogen lines associated with aurorae. 

Continuous photoelectric detection of hydrogen lines is not only possible but 
very desirable. The observations also point to a need for a more thorough 
investigation of the occurrence of the hydrogen emissions associated with 
aurorae and airglow. Accurate photoelectric measurements of the line pro- 
files should yield important information on the variation of proton velocities 
and establish the role of light scattering to the measurements. 
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Abstract—The critical frequencies of the H- and F2-layers of the ionosphere are closely controlled by 
the level of solar activity but, at any fixed point on the earth’s surface, they also vary with season 
owing to the annual change in the solar zenith angle. A critical frequency can only be used to provide 
an index of solar activity if such seasonal variations can be eliminated or reduced to very small pro- 
portions. Methods of achieving this are described and monthly mean values of an H- and an F'2-layer index 
are tabulated for the period 1938-1957. The correlation of these indices with each other and with the 
solar noise flux at 410-7 cm is high. Some possible practical applications of such indices are discussed 
briefly. 


TERMINOLOGY 
Ay, Apo The ratios f,(R)/f,(0) and f po( R)/fp2(0). 


a,,, b Constants for the month m. 


m? m 


Chr fut sec x. 

fu S re The critical frequencies of the H and F2-layers. 
f(£), f(0) Critical frequencies for sunspot numbers R and 0. 
Fas Oe Critical frequencies for consecutive months m and n. 


d.., Be Constants for the month m. 
Jo, ho Constants applicable to all months. 
Ip A(m, ®)Chy 
LT 72 The mean value of #’ for several observatories. 
An index analogous to J. but based on Ch, instead of R. 
Constant assumed to be independent of m and R. 
k(m,R) k represented as a function of m and R. 
m,n Symbols indicating a month m and the following month n. 
Pmn> Imn Constants relating to consecutive months m and n. 
The monthly mean relative sunspot number. 
Re (fr2 — &m)[On 
S The flux of solar ionizing radiation. 
Sp, So The values of S at sunspot numbers # and 0. 
® The solar radio noise flux at 410-7 cm. 
A(m, ®) A function which varies with season and solar activity. 
4 The solar zenith angle. 
p fmlfn. Theoretical value: (sec 7,,/sec 7,,)'*. 


1. Types oF INDEX 
OBSERVATIONS of many solar and terrestrial phenomena give a clear indication of 
the existence of a persistent 10- or 11-year cycle in the level of solar activity and 
it is often necessary to express this level in terms of a numerical index number. 
In any discussion of such indices it is important to distinguish between primary 
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indices, which may be regarded as direct measurements of solar activity, and 
secondary indices, which are derived from data relating to terrestrial phenomena, 
the variations in which also contain marked seasonal components which must be 


eliminated. 


1.1. Primary indices 

This type of index is based on the direct measurement of some characteristic 
of the sun itself such as the areas of calcium faculae or sunspots, the power flux 
of solar radio noise, or the relative sunspot number. It is assumed that the 
magnitude of an index of this kind is not controlled by any terrestrial influence 
and that it depends only on conditions on the sun. Apart from sunspot numbers, 
the only primary index discussed in this paper is the power flux of solar radio 
noise at a wavelength of 10-7 cm. 


1.2. Secondary indices 

Solar activity controls many characteristics of the earth’s upper atmosphere 
and, in consequence, several ionospheric and geomagnetic parameters could, in 
principle, be used as measures of solar activity. However, such parameters nearly 
always vary with time of day and with season. If it is required to eliminate these 
unwanted components, so as to isolate the component which is attributable to 
changes in solar activity, this may be achieved either by empirical methods, or by 
calculations based on some theory of the relation between solar activity and the 


quantity which is measured. 
Indices from which large diurnal and seasonal components have been eliminated 


will be referred to as secondary indices. Except for the calculated indices Ch, 
and J,, the secondary indices described in this paper have been obtained by 
using empirical methods to eliminate seasonal effects from the basic data. 


2. APPLICATIONS OF SOLAR INDICES 
The term “solar activity’ has no precisely defined general meaning. When 
an index of solar activity is required for a particular purpose, it is essential first 
to ask what is implied by the term and then to adopt the index which seems best 
suited to the problem under investigation. The application of such indices to 
several different problems is discussed briefly in the remainder of this section. 


2.1. Investigation of solar—terrestrial relations 

As already mentioned, many geophysical phenomena are closely related to 
changes in solar activity. The active agent which is responsible for the existence 
of the ionosphere and for many geomagnetic effects is the X-ray and ultra-violet 
radiation emitted by the sun. In studies of the ionosphere and geomagnetism, it 
is often necessary to correlate observed phenomena with estimates of the changes 
in the intensity of the ionizing radiation. The ideal index would obviously be a 
direct measure of the radiation flux but, owing to atmospheric absorption, this 
radiation can not be detected except during occasional flights of high-altitude 
rockets or earth satellites. In principle, however, it may still be possible either to 
calculate the flux indirectly or to derive an index which is proportional to it from 
ionospheric or geomagnetic measurements. 
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It is by no means certain that it is sufficient to consider only one kind of 
ionizing radiation; several different indices may be required ultimately for 
different applications. 


2.2. Medium-term forecasts 

In the field of radio-communications, forecasts of future conditions in the 
ionosphere are often required about 6 months ahead. These forecasts are based 
on the extrapolation of the current trend in solar activity. For such extrapolations, 
the flux of ionizing radiation, or an index proportional to it, would be ideal and 
preferable to the relative sunspot number which, in spite of its erratic behaviour, 
is the index normally used at present. However, a less stringent specification of 
an index for this purpose is possible: the main requirement is for an index which 
is closely correlated with the ionospheric parameter of which forecasts are required 
and it does not matter if the index is not linearly related to the flux of ionizing 
radiation. 


2.3. Long-term forecasts 

Forecasts of solar activity for periods more than 1 or 2 years ahead can not be 
made accurately. Although monthly indices are needed for the applications 
referred to in Sections 2.1 and 2.2, a 12-month running mean of some index is 
normally adequate for long-term forecasts since these are usually made by fitting 
an empirical relation to the current cycle of the smoothed sunspot number. Hence 
even a very erratic monthly index, such as the sunspot number, is adequate since 
the 12-month average smooths out the more violent fluctuations. Further, the 


sunspot number is the only index for which a series of values extending over a 
long period is available; in making long-term forecasts, the availability of such a 
series is much more important than it is when making medium-term forecasts. 


2.4. Short-term forecasts 

The preparation of forecasts of ionospheric and geomagnetic disturbances up 
to about 1 month ahead is sometimes attempted. Such forecasts are based mainly 
on a study of the life history and the detailed development of individual local 
centres of solar activity; the medium- and long-term changes in the general level 
of activity are only of secondary importance in this context. In consequence, 
indices of the type under discussion in this paper are not appropriate to short-term 
forecasts. 


2.5. The required indices 

From the preceding paragraphs it may be concluded that long-term forecasts 
of solar activity must continue to be based on sunspot numbers and that short-term 
forecasts require a detailed knowledge of the active solar regions present at any 
time and their life histories. 

There remains, however, a need for indices of solar activity which might be 
used in making medium-term forecasts and in the study of terrestrial phenomena 
which are influenced strongly by the intensity of the solar ionizing radiation. 
These requirements could be met by deriving indices either from ionospheric data 
or from measurements of the solar noise flux at a frequency which is high enough 
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to ensure that the radiation originates in the lower, rather than the upper, levels 
of the corona. The derivation of such indices and the relations between them are 


discussed in Sections 3 and 4. 
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Fig. 1 (a and b). Monthly mean critical frequencies at Slough. 





3. MerHops FoR DERIVING SECONDARY IONOSPHERIC INDICES 
If, for a given place and time of day, the critical frequency, f, of an ionospheric 
layer is plotted against time, curves such as those in Figs. l(a) and 1(b) will result. 
These curves obviously include a long-term change, which is due to the solar cycle, 
and a prominent seasonal component due to the rotation of the earth round the 
sun. Thus, for a month m when the flux of ionizing radiation is S, we may write: 


f = y(S, m) (1) 
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The derivation of a solar index based on measured values of f implies that it is 
possible to discover the nature of the function y(S, m) and to express equation (1) 
in the form 


S = &f, m) (2) 


The forms of equations (1) and (2) for the H- and F2-layers will be discussed in 
Sections 3.1 and 3.2. 


3.1. H-layer; a calculated index 

The seasonal variations in f,, for a fixed time of day can be accounted for to a 
fairly high degree of accuracy by assuming that Chapman’s theory is applicable 
to the #-layer. With this assumption, it follows that 


fz = (kS cos x)"* (3) 
and kS = f,* sec y = Ch (4) 


If k remains constant the #-layer ‘“‘character figure” (Ch,,) ought evidently to be 
proportional to the intensity of the ionizing radiation (APPLETON and NAISMITH, 
1939). 

It has been found that, in practice, the variations in Ch, still contain a small 
seasonal component. ‘To compensate for this, it is necessary to multiply Ch, by a 
factor which is a function of season and solar activity; the resulting index (/,), 
defined by equation (5), is tabulated in Appendix II and explained in more detail 
in Appendix I B: 

Tg = 4(m, O)Chy (5) 
3.2. F2-layer 
3.2.1. An empirical index related to R. For the F2-layer, the form of equation 
(1) is not known and hence relations between f,. and S, such as equations (2) and 
(3) are not available. For this reason, indices of solar activity based on F2-layer 
measurements must be derived by some empirical method. Such methods were 
originated by GooDALL (1939) and have since been used with modifications by 
Puruuies (1947), APPLETON and Piccgorr (1954) and Minnis (1955). 

For any given location, month and time of day, the monthly mean critical 
frequency of the F2-layer can be expressed approximately, as a function of 


sunspot number, by a linear relation: 

tre = Gm x b,R (6) 
Once a series of measurements of f,. has been made at a given location during a 
complete solar cycle, it is not difficult to determine a,,, b,, for each month of the 


year. It is then possible to use these constants, together with the measured values 
of fy2, to give a crude index of solar activity (R’) defined by: 


R’ a (fre we Am)|Om (7) 


R’ may be regarded as the component of & which is closely correlated to the mean 
intensity of the /2-layer ionizing radiation. In effect, the erratic fluctuations in 
R, which are often not related to any corresponding changes in the F2-layer, are 
smoothed out by using the ionization in the layer itself as an indicator of the 
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intensity of the incident radiation. The line defined by equation (6) may be 
regarded as a calibration, for a particular month, of the experimental values of 
fro against the sunspot number scale. Since the same scale is used for all months 
and since it is not subject to any seasonal changes, the variations in the index R’ 
will not contain a seasonal component. 

The magnitude of R’ depends to some extent on where the measurements 
were made and on the degree of magnetic disturbance at the time. Mr1nnis has 
minimized this geomagnetic control by averaging the values of R’ at three locations 
to give an index, J ,., defined by: 


ing =o (8) 
1 


This index is described more fully in Appendix I C and tabulated in Appendix ITI. 
The relations between J,. and the two indices J, and ® show that the 
relation between /,. and S is approximately linear. Even though this relation is 
not precisely known, /,. may still be used for purposes such as those mentioned 
in Section 2.2. 
An empirical index related to Chy. A second F2-layer index, I p.(F), 
has been compiled which is exactly analogous to J. except that, in equations (6) 
and (7), fp: is related to Ch, instead of to R. This index is discussed later but 
the actual values have not been reproduced. 


3.3. E- and F2-layers: the relative critical frequency 

A possible alternative method of eliminating the seasonal component from a 
series of critical frequencies has been suggested by ALLEN (1948) who calculated 
the ratio (A) of the mean critical frequency, f(), for a given month at sunspot 
number #&, to an extrapolated value, f(0), for the same month at zero sunspot 
number. For the #- and F2-layers, equations (3) and (6) lead respectively to: 


Ay = fel R)|fe(0) = (Sp/So)'” (9) 
A pp = f po( R)/f p2(0) = 1 + Din Rm (10) 


Thus, provided k in equation (3) remains constant, A, ought to represent the 
ratio of the intensity of the ionizing radiation at any epoch to that at zero sunspot 
number. The characteristics of A,, will depend on how the ratio b,,/a,, varies 
with season and on whether any such variations can be eliminated by combining 
the values of A ,. for several locations. 


3.4. The solar radio noise flux at 410-7 em 

Xegular measurements of the incident radio noise flux of solar origin at 210-7 em 
have been made during the last decade at Ottawa and Tokyo. Only very small 
seasonal effects, caused by changes in the effective sky temperature, are present 
in the magnitude of the flux and, since appropriate corrections can be applied to 
eliminate these, such flux measurements may be regarded essentially as a primary 
index of solar activity. Revised values of the flux measured at Ottawa have been 
described by MEepp and CovineTon (1958) and their monthly mean values, ®, are 
tabulated in Appendix IV and plotted in Fig. 2 for comparison with J, and I po. 
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4. THE RELATIONS BETWEEN THE INDICES 
4.1. Ip. and I po(E) 

The indices J,. and I,.(#) have been derived, in effect, by converting the 
measured values of fp, which vary with season, into equivalent values of R and 
Ch, respectively, both of which are assumed to be independent of any seasonal 
effects. Hence it would be expected that the variations with time in J,. and 
I,.(E) should not contain any seasonal component and that a single relation 
between these two indices should be valid throughout the year. 
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Fig. 3. Month—month changes in the slope of the linear relation between J,,(Z) and Ip,. 


In spite of these expectations, it has been found that for some months there 
are significant differences in these relations, two of which are shown graphically 
in Fig 3(a). The monthly values of the slope of the linear relations are shown in 
Fig. 3(b) and the existence of variations in slope suggests that, in actual fact, 
either R or Ch, must, contrary to the earlier assumption, be subject to seasonal 
changes in magnitude. 
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4.2. D and Chy 


As reported by Minnis and Bazzarp (1958), the correlation coefficient between 
pairs of values of ® and Ch, is greater when each month is considered separately 
than when the data for all months are treated together. This is accounted for by 
the month to month variation in the relation between ® and Ch,; two such 
relations are shown in Fig. 4(a) and the variation in slope during the year in 


Fig. 4(b). 
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Fig. 4. Month—-month changes in the slope of the linear relation between Chg and ®. 


There is an obvious similarity between the curves of Figs. 3(b) and 4(b) and 
this suggests that in both cases the monthly variations are due to some variable 
factor which is common both to the relation between J. and J ,.(#) and to that 
between ® and Ch,. This common factor is Ch, which is used in the derivation 
of I,.(EZ), and it is concluded that, contrary to the implications of equation (4), 
Ch, is not independent of seasonal effects. This conclusion is confirmed by the 
fact that there is no significant seasonal variation in the relation between © and 
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4.3. Chy (and fi) for consecutive months 

Further confirmation of the existence of a seasonal component.in Ch, has been 
obtained without resorting to a comparison with some other index such as ® or 
Iy.. From the definition of Ch, in equation (4) 


Hence if the level of solar activity, as indicated by S, remains constant from one 


month (m) to the next (7), 
Smé sec Xm = f,,* sec x, (11) 


and p a fall. = (sec %n|SeC %a)""* (12) 


Using the monthly mean values of f, at Slough for the period 1938-1957, the ratio 
t.,/f,, has been plotted against sunspot number for each consecutive pair of months. 
Three of these plots are reproduced in Fig. 5 together with the appropriate value 
of (sec y,,/sec 7,,)'*. Even though the points are scattered owing to the variations 
in solar activity from one month to the next, it seems reasonable to conclude that 
the ratio f,,/f, varies with both season and solar activity. A line through the 
points can not be represented accurately by equation (12) and the actual relation 
has the form 

Tall, a (sec %n|SeC Pe de a Pinn tt + Ymn (13) 


A relation of this kind leads to the conclusion that the factor k in equations 
(3) and (4) is not constant, but that it varies both with season and with the level 
of solar activity. This appears to be the ultimate reason for the fact that the 
magnitude of Ch, is not controlled solely by solar activity and why it is necessary 
to apply the correction referred to in Section 3.1 to obtain an index which is free 
from seasonal control. 

Sample plots of the type shown in Fig. 5 have also been made for a few months 
for Watheroo and Port Stanley. These show discrepancies which are similar to, 
but not identical with, those for Slough and it seems clear that the seasonal 
departures of f;, from the values expected for a Chapman layer are not the same 


at all locations. 


4.4. A, and I, 

The implication of the preceding discussion is that / in equation (4) is not a 
constant but is a function, k(m,R) of the month and solar activity. This affects 
the assumption on which the definition of A, was based and equation (9) becomes 


Ay =frlR)/f_(0) = [k(m, R)S p/k(m,0)So]* (14) 


In general, the ratio k(m,R)/k(m,0) will be a function of both m and R# and, in 
consequence, there will be a seasonal variation in the magnitude of A, quite apart 
from variations due to changes in Sp. The existence of the seasonal component 
in the values of A, which have been tabulated by ALLEN has been confirmed by 
plotting A, against the corresponding values of J,. The resulting relations show 
that even if the radiation intensity as indicated by J, remains constant, A, varies 
with season over a range of about -+-10 per cent. An investigation of the relations 
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between A, and J, and between Ch, and © might provide useful information on 
the form of the function k(m,R) but this has not yet been attempted. 

An additional difficulty associated with the use of both A, and A yp is that of 
extrapolating the measured critical frequencies to obtain f,(0) and f,.(0), the 
critical frequencies at zero sunspot number. The method adopted by ALLEN 
appears to lead to presumed values of f,(0) and fp.(0) which are too high in 
northern summer and this, in turn, implies that the values of A, and A ,. which 
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he has tabulated contain an apparent seasonal component which is additional to 
that which arises from the function k(m,R) for Ay, and from the ratio 5,,/a,, 
for A po. 


4.5. A wo and I 79 


Plots of Ap, against I. disclose aseasonal variation in the relation between 
these two indices. The variations are such that the discrepancies are fairly small 
for Iy, ~ 50, but are much greater for higher and lower values. The difficulty, 
referred to in Section 4.4, of finding the appropriate values of f,(0) and f,.(0) 
must be partly responsible for these variations. However, even if this source of 
error were eliminated, there remains the more serious problem of eliminating from 
A yo the large seasonal variations which are characteristic of any one location. 
For example, for a constant level of solar activity represented by Ip. = 150, A po 
varies re 1-6 in northern summer to 2-6 in winter; at Huancayo the range is 
only 1-6—2-1, but the seasonal maxima and minima are less regular. By averaging 
A». for ten observatories, ALLEN has reduced, but not eliminated, the resultant 
seasonal variation, but it would still be quite large at levels of solar activity above 
and below that to which ALLEN’s investigation refers. 


4.6. Numerical relations between ®, Ip. and I, 


Of the indices which have been discussed, only ®, J. and J, appear to be 
free from seasonal changes in magnitude and to be capable of representation, as a 
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function of one of the other two indices, by a single numerical relation valid for 
all months. Second order relations have been computed to represent the approxi- 
mate relations between the three indices, equations (15) to (17), and from these 
the value of an index can be obtained from the measured value of another with 
an error having a standard deviation of about 5 per cent. 


Ty = 155 ® — 1-0 x 10°30? + 14 (15) 
Tyo = 1-551, — 1-6 X 1073] ,,” — 156 


I po = 2:34 0 — 4:5 x 1073 ©? — 142 (17) 


In equations (15) and (17), ® is given in units of 1072? W/m? per c/s. 

It is interesting to note that if ® is put equal to zero in equation (15), J, 
would fall only to a value equivalent to about 12 per cent of its value at a low 
sunspot minimum. Assuming that the extrapolation to ® = 0 is valid and that 
® and /,, would be expected to fall to zero together, the residual value of J, may 
represent a weak unidentified source of H-layer ionization other than the solar 


ionizing radiation represented by Ip. 

Although the relation between J,, and ® (equation 15) is slightly curved, the 
departure from linearity is not great enough to invalidate the discussion in Section 
4.2 in which the relation between Ch, and ® was assumed to be linear. 


5. CONCLUSIONS 

Three indices of solar activity have been selected which appear to be free 
from seasonal variations; these are ®, the flux of solar radio noise at 410-7 cm, 
and J,, and I,. which are based on the ionization in the Z- and F2-layers of the 
ionosphere respectively (Appendices II, III and IV). J, can be regarded as 
proportional to the flux of the ionizing radiation which is responsible for the 
E-layer, while /,. is the component of the monthly mean sunspot number which 
is correlated with ionization in the F2-layer. The relation between J, and the 
intensity of the ionizing radiation is approximately linear. 

Since both /,, and ® represent solar fluxes of different kinds, it seems possible 
that they may have applications to the study of certain types of solar—terrestrial 
relations. In the preparation of medium-term forecasts of ionospheric behaviour, 
it would appear to be appropriate to use J, or Iy,. The well-defined relations 
between the monthly mean values of /,,. and the F2-layer critical frequencies at 
all locations for which data are available provide an economical method of express- 
ing fy, as a function of location, season and solar activity on the lines of the 
preliminary investigation described by Mrnnis (1957). 

Attempts to forecast the relative sunspot number # several months ahead have 
been made by many workers without great success. The main reason for this is 
the existence of a large and apparently random component in the month-to-month 
changes in R. Whether these fluctuations have any physical significance or not 
is doubtful in view of the arbitrary definition of R. The much more regular 
changes in J, and J. make these indices less difficult to extrapolate. 

It seems probable, however, that accurate forecasting of solar activity will not 
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be possible until more is known about how the various indices of solar activity 
are related to changes in the physical characteristics of the sun’s surface and the 
visible features of the disk. Relations of this kind ought to be easier to discover 
using ionospheric and solar noise indices than those depending on the appearance 
and disappearance of sunspot groups. 
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APPENDIX I 

A. The E-layer character figure, Chy 

Values of Ch, have been calculated for each month since January 1938 using 
the monthly mean values of f, at noon at Slough (lat. 51°29’ N, long. 00°34’ W). 
fe is read from the ionograms to the nearest 0-05 Mc/s but the monthly mean 
values have been given to the nearest 0-01 Mc/s. The values of sec y used in 
equation (4) are the monthly mean values calculated using the data given by 
BEYNON and Brown (1956). 


B. The E-layer index, Ip 
The relation between Ch, and ® for each month may be represented approxi- 
mately by one of a series of linear expressions of the form 


Chr = Im + h,,D (Al) 


If all months are considered together and seasonal variations in g,, and h,, are 
ignored, a single approximate expression may be used viz. 


Chey = Jo + ho® (A2) 


It follows from equation (A1) that, even if solar activity as indicated by ® remains 
constant, Ch, will vary in a manner depending on the seasonal changes in 4,,, 


and h,,. 
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The seasonal variations in Ch, can be eliminated by correcting the values for 
each month in such a way that equation (A2) is valid for all months. The corrected 
values of Ch, constitute a new index, J,,, which is defined by equations (A3) and 
(A4) and tabulated in Appendix IT: 


Tz = 4(m, ®)Chy (A3) 


A(m, D) = (Jo + ho®)/(Gm + hm®) (A4) 
The tabulated values of J,, in Appendix II have been calculated by inserting in 
equation (A3) the values of ® defined by equation (Al) and the measured values 
of Ch,. In principle, equation (A3) could be expressed in terms of RF instead of ® 
but, since the correlation between Ch, and ® is much higher than between Ch; 
and R, it is preferable to use ®. 


C. The F2-layer index, I yo 

The values of J. tabulated by Minnis (1955) were derived using equations 
(7) and (8) and the monthly mean noon values of f,, at Slough, Huancayo and 
Watheroo. This combination of locations was found to reduce to negligible 
proportions the geomagnetic control of I. referred to in Section 3.2.1. 

Since the values given by MINNIS were calculated, the recent high levels of 
solar activity, particularly during northern winter, have provided valuable 
additional information on the relations between f,. and R. It now appears that 
these relations do not depart significantly from linearity and the values of Jp, 
have been recalculated using linear relations and the most recent data which were 
available. The revised values are given in Appendix III. 


APPENDIX II 


The ionospheric index of solar activity, Ip 
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The ionospheric index of solar activity, I ,—continued 





1950 1951 1952 1953 1954 1955 956 1957 





January 24: 218 161 158 135 118 129 ¢ 302 
February | 2! 210 157 137 126 110 120 y 241 
March | 222 158 131 115 113 116 2i 27] 
April oe. 214 174 134 112 104 112 25: 287 
May : 238 194 142 116 112 130 , 291 
June é 214 201 146 127 109 138 22 301 
July | 3f 176 173 136 120 122 142 22 260 
August 177 168 142 117 118 134 : 292 
152 182 128 130 110 150 24% 345 


September 52 
October 23% 151 163 111 119 111 158 26: 390 
November 25% 161 165 133 116 117 174 26 342 


December 23¢ 159 159 130 116 118 201 : 346 





APPENDIX III 


The ionospheric index of solar activity, I ps 





| 1938 1939 1940 1941 1942 1943 1944 1945 1946 
| 

January 102 128 66 61 40 
February 113 91 68 48 y 71 
March 124 87 78 46 91 
April | 120 94 84 35 : - 22 95 
May 116 120 74 31 y 97 
June | 120 118 78 43 103 
July 135 110 52 20 j ‘ 114 
August 139 105 9% 61 121 
September 127 139 110 
October 108 123 115 
November 119 105 114 
December 117 80 132 














1948 1949 1950 1951 95: 1953 1954 1955 1956 = 1957 





January 112 123 107 
February 107 145 106 
March 114 148 102 
April | (138) 148 112 
May | (145) 138 116 
June 158 121 102 
July | 146 118 85 
August 145 116 73 
September | 138 140 51 
October | 129 129 57 
November | 114 132 50 
December | 116 121 37 


71 143 

88 125 
112 140 
122 144 
132 158 
119 161 
118 164 
142 152 
146 158 
155 (177) 
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Figures in parentheses: ionospheric data available from two stations only. 
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APPENDIX IV 


Monthly mean values of solar noise flux at 210-7 em (unit: 10-22 W . m-*(c/s)—) 
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“Chapman Behaviour” in the lower ionosphere 
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Abstract—It is shown that CuAapMAN’s relations for the variation of critical frequency and height of a 
layer with solar zenith angle can be applied to any point on that layer and that it is not necessary to 
assume monochromatic radiation. These results are then applied to electron density vs. height profiles 
and it is shown that ‘“‘Chapman behaviour”’ can be detected to a height of 160 km being consistent with a 
scale height of 10 or 15 km. 


1. INTRODUCTION 
CoNSIDER a continuum of solar radiation acting on an isothermal atmosphere. 
The resulting electron production rate can be written down immediately using 
CHAPMAN’S (1931) well-known equations for monochromatic radiation: 


q(2o) = J P(z) exp {1 — (z9 — 2) — Ch yp exp —(2y —2)} - dz (1) 
where 

z is the height (measured in units of scale-height) above some fixed datum 
level 

q(z) electron production rate at Zz» 

P(z) an unknown weighting factor depending on the frequency distribution 
of the incident radiation and the radiation absorption coefficient 

Chy is Chapman’s function of solar zenith angle 


In equation (1) each elementary layer, due to a single band of radiation, is 
referred to conditions at the sub-solar point, and, by displacing the origin by 
log Ch y, may be referred to the maximum at the zenith angle under consideration. 
Equation (1) then becomes: 


1 
q(%» + log Ch y) = oh - | Pe exp {1 — (z) — 


1 


=a Chy Yo(%) definition of qo(Z») 


It will be noticed that the integral in equation (2) is now independent of Ch yw 
and is constant provided P(z) does not vary. If we introduce the equation of 
continuity: 

dN 


se aN? (4) 


where JN is electron density 
% recombination coefficient 
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then under quasi-equilibrium conditions: 


dN 
dt 


N % (2) 
x 


and introducing equation (5) in equation (3) we get: 


N (zo + log Ch yp) = Ch™* p N,(2) 


<q or aN? 


provided « is approximately constant with height. 

We see then that a layer due to non-monochromatic radiation formed in an 
isothermal atmosphere with large but uniform recombination coefficient preserves 
its shape and identity after being scaled by Ch~* y and lowered by log Ch y, and 
also the well-known Chapman relations 


N=N,Ch'*y 
and h=h,, + HlogChy 


are not necessarily consequences of monochromatic radiation or refer only to the 


maximum of ionization. 
As the experimental data is in the form of h’(f) curves and Naf? equation (6) 
may be rewritten: 


f(g + H log Ch y) = Ch-* y fo(ho) (9) 


where H is the scale height of the atmosphere and h, is the height in kilometres. 


2. “CHAPMAN” BEHAVIOUR IN THE LOWER IONOSPHERE FOR 
QUASI-EQUILIBRIUM CONDITIONS 

We now have a method for testing Chapman behaviour in the ionosphere. It is 
first necessary to know the scale height. Various workers (Mirra, 1952) have 
estimated a height of the order of 10 km for the H-layer. Here separate values of 
5, 10, 15 and 20 km have been used. 

Curves of electron density vs. height at Christchurch, New Zealand were 
reduced to true height curves by Kine’s method (1954, 1956) for midday on one 
calm day each month of 1954; together with midday curves for each day of June 
1954. Values of (4) for different heights and different scale heights were calcu- 
lated using equation (9). The mean and variance for each group was computed and 
Chapman behaviour judged by the fit of the two curves. These results are shown in 
Fig. 1. 

The curves show that the values H = 10 km and H = 15 km give the best fit 
while Chapman behaviour has fallen off above h, = 160 km. 


3. Datty VARIATIONS 
Previous workers (Mirra, 1952, p. 295) have found a good fit of H- and F1-layer 
critical frequency to the law f = fy Ch~* y extending over large ranges of y. Hence 
it was decided to test the daily variations of the lower ionosphere by using equation 
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(9). June 1954 records were again chosen. All suitable records at 0800, 1000, 1200, 
1400 and 1600 hours MMT were reduced and values of f for various heights com- 
puted. A scale height of 10 km was used. These results are plotted in Fig. 2. 
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Fig. 1. Values of f,(h,) for two selected groups of data during 1954. 
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Fig. 2. Values of log f at a height of hy + H log Ch p for June 1954 showing daily variation. 
The dotted line give the expected form of the variation. 


Here the fit is not so good and reasonable agreement is found only below 150 km. 
The poor agreement and large spread at 110 km may be attributed to the large 
gradient of electron density with height existing at the bottom of the #-layer. Any 
small error in height or slight perturbation will then make a large error in log f. The 
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general agreement with Chapman behaviour however is not as good as would be 
expected on considering the good fit of f,£/ and f,F1 to the law f = fy Ch~* y as 
found by other workers. This may be due either to some physical process, such as 
ionospheric winds, effecting the general shape of the layers present but not greatly 
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Fig. 3(a) Daily variation of log f at a height of hy + H log Ch y for 1 May 1956. The lower 


dotted curve gives the expected form of variation for Chapman behaviour while the upper 
curves give the actual and expected height variations. 
Fig. 3(b). The values of Fig. 3(a) replotted with hmax H1 as basic height measure (f,#/ is 
designated by 0 km.) 


effecting their critical frequencies, or due to the inherent difficulties in computing 
true heights. Let us try and eliminate the second possible cause. 

A record suitable for reduction to a true height curve should be free from 
sporadic-# and have good clean unambiguous traces free from oblique echoes. The 
ionograms of June 1954 were not entirely suitable for reduction but were as good as 
could be expected from a long series of records. The most likely cause of error in a 
reduction is an error in the minimum virtual height and such an error will be to a 
first approximation constant for all frequencies. h’H has been read to a nominal 
accuracy of 1 km though the actual accuracy is likely to be of the order of 5 km. 
This error is large compared to the variation of H log Ch y and could thus cause 
spurious variations of height. 
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As a check of the results given in Fig. 2 the records for the 1 May 1956 were 
examined. These were a particularly good set and had the following characteristics: 
(a) they were free of sporadic-L; (b) good clean unambiguous traces free from 
oblique echoes. (c) non-infinite EJ critical frequencies thus eliminating any possible 
effects due to valleys between layers. 

In Fig. 3(a) values of log f at a height determined by equation (9) are plotted. 
Also plotted are values of log f,#1 and log f, Ch~* y for an arbitrary value of f, 
while plotted in the upper curve are hmax Hl; h’E1 and hy + log Ch y for an 
arbitrary value of h,. The same data are again plotted in Fig. 3(b) but this time 
each record is referred to hmax H1 as the basic height measure thus eliminating their 
reliance on h’E1. 

Fig. 3(a) shows considerable variation from that expected and it is impossible 
to give a range of height or y where Chapman behaviour is present. Furthermore as 
shown in Fig. 3(b) the differences are not explainable in terms of the most likely 
source of error (viz. h’EH1). It then appears that differences are most likely explain- 
able in terms of a perturbation of a Chapman layer. 


4, APPLICATION TO EARLY SUNRISE-RECORDS 


At Christchurch before ground sunrise the H-layer appears first as a ledge on 
the bottom of the F-layer which gradually descends and forms a separate layer, 
this one we will call the #2-layer. Close to ground sunrise the layer stratifies and the 
lower critical frequency increases until it usually blankets the #2-layer. This 
layer preserves its identity during the rest of the day as the #1 layer. Initially it 


was hoped to use this early morning £2-layer as a clue to the process of electron 
removal above 160 km but the results were paradoxical and seem worthwhile 
reporting. Using equation (5) and previous estimates of «, then q as a function of 
height can be computed. Midday curves and RyDBECK’s (1946) values were used. 
By inserting these in equation (3) and using a scale height of 10 km the electron 
production rate at given heights near sunrise were found. The total number of 
electrons produced at a given height over a period was then compared with the 
number observed at the end of that period. 

In Fig. 4 {’q(y, h) dt integrated numerically for various values of h are com- 
pared with the N,h curves for y = yo. Values of qo(z)) were computed from the 
nearest suitable noon h’f curves in order to minimize possible variations of P(z). 

The observed values of NV are about an order of magnitude higher than that 
expected by extrapolation from the midday curves and show considerable variation 
between different mornings. A different value of scale height would not improve 
matters and it does not seem likely that the accepted value of recombination 
coefficient is out by a factor of ten. As the regular #J-layer forms as a stratifi- 
cation below this H2-region it seems unlikely that the extra ionization is produced by 
radiation normally absorbed in the D-layer at small values of y. A layer with a 
critical frequency smaller than 1 Me (i.e. lower than the limit of the recorder) could 
affect the N.h curves but could not materially affect the general conclusions that 
the electron production rates are too high. It is possible that such a lower layer is 
present in the VA curve for 2 September 1955. 
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5. ToraLt SouarR FLux 


As was shown in the preceding section the electron production rate for conditions 
of overhead sun can be computed. We may use values of ¢o(h») below 160 km with 
some reliance and find the total electron production rate below this level. On the 
assumption that no appreciable number of secondary electrons are formed in the 
ionization process we may equate this to the number of solar photons absorbed in 
this region. Using midday June 1954 curves for H = 10 km fq(ho) - dhy is equal 
to 1:3 x 10% photons. 


km 
200} 





\Jond.Sept. 1955 | 


2nd.May 1956 
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20 30 40 50°00 70 80 9:0 
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Fig. 4. Comparison of total number of electrons produced over a given sunrise period (as 
extrapolated from the noon curves) to the number actually observed at the end of that 
period. 


By extrapolating the ¢)(h») curve to 180 km (this should not be seriously in error) 
and by using a mean scale height of 45 km above 180 km together with Bradbury’s 
hypothesis as demonstrated by Ratciirre (1956) we may estimate the total 
ionizing photon flux for the ionosphere as 5-7 x 10® photons. On assuming a 6000°K 
black-body sun the photon flux is 1-0 « 10! photons/cm? per sec for energies above 
the first ionization potential of molecular oxygen and 9-3 x 108 photons/cm? per 
sec for energies above the first ionization potential of atomic oxygen. 


6. CONCLUSION 

It has been found that it is possible to detect Chapman behaviour in the lower 
ionosphere from curves below 160 km being consistent with a scale height of 10 or 
15 km. The agreement was not as close as that found with the H-layer critical 
frequency. The accuracy of the method however does not preclude Chapman 
behaviour of the FJ-region which has its maximum above 160 km. It was found 
that departures from Chapman behaviour did exist which were more likely to be 
real perturbations than due to the inadequacy of height resolution of the equipment. 

It has also been found that the pre-sunrise H-layer could not be explained in 
terms of Chapman behaviour in an isothermal atmosphere with constant recom- 
bination coefficient. No explanation is offered for this phenomenon. 

From the derived V,h curves the total solar flux absorbed in the ionosphere 
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has been estimated. This indicates that the flux is not seriously different from that 
expected from a black-body at 6000°K. 
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1. INTRODUCTION 

Tue launching of the first artificial earth satellite (1957«) by the USSR provided 
an opportunity of obtaining information about the ionosphere at heights above 
the F2-peak. The satellite emitted radio waves of frequency 20 and 40 Me/s 
which were appreciably modified during their transmission through the ionosphere 
to the ground. It should therefore be possible to obtain information about the 
distribution of ionization by making suitable observations on the received wave. 
It turns out that the most useful quantities for this purpose are the Doppler 
frequency shift and the fading of the signal caused by the magneto-optical Faraday 
effect. It is the purpose of this paper to develop an approximate theory of these 
two phenomena and to use it to interpret some observations. 


1.2. The Faraday effect 

The geomagnetic field makes the ionosphere doubly refracting so that there 
are, at any level, two characteristic waves, generally elliptically polarized, with 
different refractive indices. Thus as a plane polarized wave is transmitted through 
the ionosphere its plane of polarization is rotated and by analogy with the 
corresponding phenomenon in optics this rotation is often called the ‘Faraday 
rotation’. As the position of the source alters, the amount of rotation alters, and 
the signal received on a linearly polarized aerial exhibits fading at a rate deter- 
mined by the rate of change of the phase difference between the two characteristic 
waves. Now the Doppler frequency shift of one of the waves is determined by the 
rate of change of its phase path so that the rate of Faraday fading is equal to the 
difference of the Doppler shifts for the two waves. 

In describing the rate of Faraday fading it is important to distinguish between 
the number of complete rotations of a rotating linearly polarized wave and the 
number of fades on a linearly polarized aerial. One of these is twice the other and 
this difference accounts for an apparent difference of a factor of 2 between the 
expressions given by Brownz et al. (1956) and Evans (1956). 

In Part I of this paper we develop the theory of the effect of the ionosphere on 
the Doppler frequency shift and on the frequency of Faraday fading. As it is 
impossible to measure an instantaneous frequency we have preferred to develop 
the theory in terms of the difference in phase path of the waves for two positions 


of the source. 
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Browne et al. (1956) have derived a simple expression for the Faraday fading 
by neglecting refraction of the waves and calculating the difference in phase path 
of the two characteristic waves along the straight line from source to receiver. 
It is not obvious how far this approximation is valid, particularly for the lower 
frequency waves emitted by the satellite, and it is part of the object of this paper 
to determine the range of validity of the approximations. 

In Part II (Arrcntson, THOMSON and WEEKES, 1958) the approximate expres- 
sions developed in Part I are applied to some observations made on the emissions 
from satellite 1957«2. 

2. THE PHASE PATH 
2.1. Calculation of the phase path 

The evaluation of the effect of the ionosphere on the Doppler shift and on the 
Faraday fading involves only the calculation of the phase path along the ray from 
the satellite to the observer. The accurate calculation of the path of the ray 
through the inhomogeneous ionosphere, rendered birefringent by the earth’s 
magnetic field, is difficult, in particular it is not possible to apply a simple Snell’s 
law. For satellite 1957 in its transits over England the emitted frequencies were 
high compared to the plasma frequency at the /2-peak and compared to the 
electron-gyrofrequencies, and under these conditions it is possible to obtain a 
simple approximate solution of the problem. 

APPLETON’S magneto-ionic theory leads to the general expression for the 
refractive index, in the usual notation: 





X 

— tcx/w)? = 1 — ~ 

(u /~) ner LY 2 + || _4Yy4 in in 
io ei 2c 


es 2) 
For satellite 1957« on the occasions with which we are concerned the value of X 
on 20 Mc/s was about 0-1, Z ~ 10-° and Y ~ 0-05. 

In these conditions 
Y,>> Y,‘/4(1 — X —1Z) 
provided 
cos 6 > $Y sin? d 

or 

d < 80° 
where ¢ is the angle between the ray and the magnetic field. Thus, for all con- 
ditions in these experiments, the quasi-longitudinal approximation is valid and 

(u — icx/w)? = 1 — X/(1 + Y, —1Z) 
And since Z is very small: 
LW? = 1 — o,2/w(@ + wy cos 4) (1) 

Since w/w ~ 0-05 it is a close approximation to assume that yw is independent of 


¢ and to apply Snell’s law to trace the ray. 
If we suppose that the ionosphere is horizontally stratified as in Fig. 1, the 


phase path P is given by 
P= [nas ate ls sec ydr 


19 
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From Snell’s law for a spherical stratified medium 
br sin y = 19 Sint 
Hence 


a 


rs 
P — ber (Pr? aaa rot sin? 4} gs dr (2) 


19 


Also the co-ordinate 0, of the satellite is related to the angle of incidence, 71, by 
the expression: 


‘(rq sin i/r)(u2r? — 142 sin? i)? dr (3) 


Satellite track 


Surface of earth 


Fig. 1. Diagrammatic representation of the satellite track and the notation used. 


Equations (2) and (3) then determine in principle the values of « and P for any 
model of the ionosphere. 


2.2. The change of phase path with w: first approximation 

The difference between the Doppler shifts on 20 Mc/s and 40 Me/s and the 
Faraday fading on a single frequency depend on the difference AP in P for slightly 
different values of u. We may conveniently calculate this difference from the 
expressions in equations (1) and (2). We may write: 
{a (OP 1 @ (oP 
ee gk nt Vs Joe +. J ar 
Sry \Ou\ Or | 2 du?\ ar 


"(9 (00). 12 te ! 
fl. — ( SS [ “anol 5) eet a =) . ee 4 
A§, = 0 ‘au ar wala 2 du? \ or Bees 


“1 


To a first approximation, the range of validity of which we will discuss later, we 
may neglect the second-order terms in these expressions and write: 


“@ (= 


ie 
/1 Ou 


0 (00 
Ap, = 0 = —) dr 
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From equations (2) and (3), differentiating with respect to u, we obtain: 
ae 
y.2 ain2 7 , 
ro” sin? 7 (cot a — S Ou 


i . tad dr 
r(w?r? — ro? sin? 1)3” 


"s 





AP = [aru — ro? sin? i)~? du dr +] 


0 Yo 
os hae, 
. To sina (cot ‘~— /) 


Ou bk 
3a ar 





OM, Mes , ers aes) 


AP = [ura — ro? sin? 1)-!? du dr + ry sini Ad, 


Ts 
a | (1 — r,? sin? t/u?r?)—!? 6u dr (8) 
"o 


3. APPLICATION TO THE DOPPLER AND FARADAY FREQUENCIES 
The difference between the phase paths on frequencies 2f and f is given by 
equation (8) with du given by equation (1) in which we may neglect the term 
®y cos ¢ to our approximation, then 


Wo?( 1 l 


Thus the difference in the Doppler shifts on frequencies f and 2f is related to the 
differences in the phase path by the relation 
2f a 
2Af — A(2f) = — — AP 
f— Af) == 
3f a ("f ‘9? sin? 7\ — 1/2 
= f fo" (1 as - dr (9) 
4cdtJr, f? \ Ler? 
For the Faraday fading frequency we are concerned with the difference in P 
for the two magneto—ionic components and from equation (1) 
1 1 | 
— WOH cos i) oOo + On cos $) 


Wo" 


4a Ne? eB 
_ and On ae 


© oe Gee 
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The Faraday fading frequency 


Hence 


3 rs) ie 
P< | BN cos ¢ {1 — 1,2 sin? i/wr?}—"? dr (10) 


27? egmcf? dt Jr, 
and 
2Af — A(2f) = si . N{1 — ro? sin? t/uwr?}-"? dr (11) 
Bits i 47 egmef dt Jr, his, “i suet 
The important ionization at night, the time in which we are interested, lies between 
some 200 km and 500 km (the height of the satellite) above the earth and in this 
region B may be assumed constant and as yw is not very different from unity, 
¢ is approximately independent of 7, consequently the two integrals in equations 
(10) and (11) are essentially the same. 


4, APPROXIMATIONS TO THE INTEGRALS 


To evaluate the frequency of Faraday fading or the difference in the Doppler 
frequencies for f and 2f/, it is in general necessary to evaluate the integral in equation 
(11) and that in equation (3) which gives the value in sin 7. This involves the 
assumption of a model of the ionosphere which is then checked by the predicted 
fading frequencies. However, for the cases of interest to us it is possible to make 
an approximate evaluation of the integrals for small values of sin 7. 

If i, be the angle of incidence corresponding to a straight line from the receiver 
to the satellite, we may write: 

sin? = sin 79(1 — 0) 
r=r,(1 + h/ro) 
Then the integral in equation (11) becomes: 


[*w[1 — sin? ig(1 -20)/ (1 - af 4 a y\ ah 


0 Ww” Fok lr / 


dh 


/ 2 2h\ )— 12 
+ ° Fs Wo a 
N see ig + tan? ig( 20 cae es. ) 
(3) ro! 


he h Dee 
[ N sec i, tan? ig(0 +—— _ dh 


N sec ig dh — 
: De2 
; /0 \ 7 0 a", 


/0 
Thus to a first approximation, valid for sufficiently small 7), we may write equations 
(10) and (11) in the form 


es eB 


( : 'y , | 
sOS8 N dh 
277 Eq mef? at ‘a rare : J 


a oe * " 
9 Ge 9 =e : Per, kta 
2Af — A(2f) ina see to), N dh 
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For frequencies of 20 Mc/s and 40 Mc/s these expressions lead to the numerical 
values: 


hg 
Fy9 = 7°32. 10-2 be eos d sec io N an| (13) 


0 


hg 
2Afeg — Afag = 1:01 . 10-10 bs line | N an| (14) 
at | 0 } 

An expression equivalent to (13) has been derived by other workers (BROWNE 
et al., 1956) by neglecting any refraction and supposing that the ordinary and 
extraordinary rays follow the same (straight line) path and that the difference in 
phase path is given by this path multiplied by the difference in the refractive 
indices. 


5. THE VALIDITY OF THE APPROXIMATIONS 


In deriving equations (13) and (14) we have made several approximations and 
it is important to estimate the errors involved in these approximations and the 
conditions in which the simple equations are valid for useful deductions of the 
ionization. 

(1) It is fundamental to the whole argument that we have assumed that 
pis independent of direction—for the frequencies in use m,,/@ is about 0-05, but 
if w,/m is not near unity the bending is in any case small and the dependence on 
direction is unlikely to cause any serious error. 

(2) We have assumed spherical stratification of the ionization. For small 
angles of incidence so that the path of the ray is always within about 500 km of 
the receiving point this may be a fair approximation, but when the satellite covers 
great distances while under observation it is probable that horizontal gradients 
of ionization may be important. 

To remove these two assumptions would involve a detailed numerical calcu- 
lation of ray tracing in a model ionosphere which could be assumed to vary 
horizontally in accordance with vertical incidence sounding data for the actual 
time of the passage of the satellite. 

(3) In deriving equation (11) we have neglected w,, cos ¢ in comparison with 
«w. In the cases considered this is an error of the order 5 per cent. However it may 
be noted that if the satellite is designed to emit circularly polarized waves the 
polarization of the wave received is uncertain and the correct value for w is 
likewise uncertain. Thus rotation of the satellite might convert the received wave 
from the ordinary component to the extraordinary with corresponding distortion 
of the Doppler curve. 

For the transits studied here, the Faraday effect produced about 40 fading 
c/min on the radiofrequency of 20 Mc/s so that the difference in the Doppler 
frequency shifts for the ordinary and extraordinary waves was about 3 c/s. The 
change in phase path in 30 sec was used to deduce ionospheric information and this 
differed from the geometrical change in the path by about 250 wavelengths, 
uncertainty in the polarization would therefore cause an error of about 10 per cent. 
However it has been inferred from the observations that the satellite was rotating 
at 13 rev/min and hence completes 6-5 rev in the 30 sec interval, thus the total 


241 





G. J. Arrcuison and K. WEEKES 


change in phase path would be expected to be that appropriate to the average 


refractive index: 
2 


= Wo 
~~ 2w?(1 — wy? cos? d/w?) 


in which the term involving w,, contributes an error of only 0-25 per cent. 

(4) Neglect of the second terms in equations (4) and (5) for the Taylor expan- 
sions of AP and A@ may cause appreciable error particularly at large angles of 
incidence. It is difficult to estimate the magnitude of the error for the general case, 
but if the ionosphere is considered as a uniform slab of ionization between the 
satellite and some lower level, then it may be shown that the ratio of the second 
term in equation (4) to the first is of order 

ts 
—du/2(1 — ro? sin? t/u?r?)1/? dr 
To 
If the denominator is evaluated for the maximum of the F2-layer, then 


oh 

Ww ~ 1 — o,2/o f2 — ré(1 + — 
. 

\ 0 / 


and for cases in the early morning w,)/m ~ 1/3, h,, ~ 400 km then 
wr? ~ 1-01r,? 


Hence the proportionate error is roughly 6w/2cos?7. For the Doppler case 
(20 Mc/s and 40 Me/s) du ~ 1/24 and the proportionate error is 0-04 at 45° and 
0-08 at 60° angle of incidence. 

For the Faraday frequency du ~ @,2@,,/w? ~ 1/180 and the error is 5 per cent 
at an angle of incidence of 72°. 

(5) In evaluating the integral in equations (10) and (11) the second and higher 
terms in equation (12) have been neglected. This involves neglecting 


tan? i9(d + h/rg — a ?/2w?) 


in comparison with unity. For the slab model of the ionosphere it may be shown 
that 6 ~ w,2/m? so that we get an overestimate of the error by considering the 
magnitude of h tan? i,/r9, at the satellite h/r7 ~ 1/13 and the average value for 
the ionospheric F'2-region might be taken to be ~1/16. Thus the error involved 
in neglecting this term is about 6 per cent at an angle of incidence of 45°. 

Thus the simple formula (13) for the Faraday fading rate will be correct to 
6 per cent up to angles of incidence of about 45°; equation (14) for the Doppler 
effect is liable to be in error by 10 per cent at this angle of incidence. The error 
is such that the value for [N dh deduced at the larger angles of incidence will be 
an underestimate. 

6. 

It is not practicable to measure either the Doppler frequency shift or the 
Faraday fading frequency instantaneously, what is in fact done is to determine the 
number of cycles of the oscillation between two times and thus determine the 
average frequency. In these circumstances it is most convenient to integrate 
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equations (13) and (14) with respect to time and in fact work with the differences 
in phase path, AP, for the two frequencies used in the Doppler method (equation 
14) and for the two magneto—ionic components in the Faraday fading (equation 
13). 

If we denote by [np],?, [np],2, the total number of cycles of the Doppler shift 
frequency and the Faraday fading when the satellite moves from position 1 to 
position 2, we may rewrite equations (13) and (14) in the form: 


[ny hh? = 7°32. 10- a cos dy sec ig — cos d, sec af N dh + 


+ cos dy sec inf “D 1 an (15) 
hy 


2 hy ho 
2, reas tna} 1-01. 10-4{(sec t. — sec 2,) [ N dh + see ial N an) (16) 


“o hy 
Now in these latitudes the satellite was not even approximately travelling hori- 
zontally so that h, 4 hy and it is not possible to determine |%N dh from either 


(15) or (16) alone, but clearly if both equations could be used it would be possible 


(Crh 


h 
to determine separately | 'N dh and { 'N dh. 
0 h 

To measure the Doppler shift it is necessary to know the frequency of the 
sender in the satellite; because the height is changing the Doppler shift is not zero 
at the distance of closest approach but at some place, close to that position, at 
which the ray from the receiver is perpendicular to the satellite track; it is very 
difficult to determine this point, moreover the frequency of the sender may alter 
during the transit. It would be possible, in principle, to eliminate the difficulties 
by use of simultaneous Doppler measurements at two places. 

The accuracy of the Doppler records for satellite 1957«1 was not adequate to 
allow a detailed study of the effects to be made. But automatic Doppler records 
on future satellites should make it possible to use these equations to deduce values 
of {N dh and hence the distribution of N with height at the levels of the satellite. 
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1. THe AVAILABLE DaTA 


For the application of the approximate analysis described in Part I, it was neces- 
sary for the satellite track to pass sufficiently near the receiving site for the angle 
of incidence to be less than about 45° for a period of about 30sec. The tracks 
which satisfied these conditions fell naturally into two groups. In one the height 
was 200-220 km, well below h,, 2, and since it occurred at night the ionization in 
E-region was very small, and in the other the height was about 500 km, well above 
h,, F 2, and the time of observation was in the early morning. 

The high transits for which the satellite passed most nearly overhead were 
0531 hours 11 October, 0531 hours 12 October, 0339 hours 18 October and 0335 
hours 19 October. The assumption of horizontal stratification of the ionosphere 
is doubtful for the 0530 group as this is rather near sunrise and consequently the 


analysis was limited to the 0330 group of transits for 17-22 October. The number 
of results available was so small that some records were analysed for intervals for 
which the angle of incidence appreciably exceeded 45°. 


2. ANALYSIS OF THE FaRADAY Fapine RECORDS 


The senders were not keyed during the period concerned and from the records 
of the amplitude of the signals received on both frequencies taken at Cambridge it 
was easily recognized that fading arose from any or all of three causes. 

(a) Movement of the satellite through, or past, irregularities such as are 
believed to produce “‘scintillation” of radio stars. This aspect of the fading has 
been discussed by our colleague (KENT 1958). Fast fading of this type, when 
present, frequently masked the Faraday fading. 

(b) Rotation of the satellite itself. The Faraday fading would be expected 
(see equation 10) to be four times as fast on a frequency of 20 Mc/s as on 40 Me/s. 
During the evening transits, when the satellite was below nearly all the ionization 
in the ionosphere, fading occurred at a rate of 13-0/min on both the emitted 
frequencies. It was concluded that this fading was not ionospheric in origin and 
that it was caused by the rotation of the satellite. 

(c) The Faraday fading. During the high (morning) transits the rates of fading 
were different on the two frequencies. The procedure adopted for analysis of the 
records was to count the number of fading cycles in a period of 30sec. This 
number was typically between 20 and 30 for the records on 20 Mc/s and the number 
could be estimated to roughly 0-1 ¢. The counts were made for both frequencies. 
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If the satellite were not rotating the ratio of the counts should be 4. It was con- 
sistently found that the ratio was less than 4 but that it approximated closely to 
the theoretical value if 6-5 ¢ were subtracted from each to allow for the fading 
caused by the rotation. In a typical case for a 30 sec interval 24-9 c were counted 
on 20 Mc/s and 11-0 on 40 Me/s, so that (24-9 — 6-5) = 18-4 and (11-0 — 6-5) = 4:5 
represent the frequencies of the Faraday fading: they are seen to be closely in the 
ratio 4: 1. Five of the six transits from which results have been obtained gave 
similar agreement when 6-5 cycles were subtracted from the 30 sec counts; in 
the other case (21 October) for which there was no 20 Me/s record it was assumed 
that the same correction was needed. 

Unpublished measurements made at Cambridge, of the time horizontal range 
and height of the satellite at the individual meridian transits and the orbital data 
published by the staff of the Mullard Radio Astronomy Observatory (1957) were 
used to calculate the values of i and at the beginning and end of each $ min 
interval. Direct substitution in equation (15) of Part I (ArrcHison and WEEKES, 
1958) then gave the results in Table 1 which were reduced from the 20 Mc/s records 
for the two transits for 19 October and 20 October. 

It is interesting to compare the values of the integrated electron content 
deduced from the Faraday fading with that calculated from ionograms recorded 
at the same time. The ionograms used were those recorded hourly at the Radio 
Research Station, Slough, and they were analysed to provide N(h) curves which 
showed the electron density N as a function of height h up to the peak of the F2- 


hy» F2 
layer. The values of h,, F2, N,,F2 and [ Ndhat the times of transit were obtained 


v0 
by linear interpolation. 


Table 1 





Magnitude Magnitude 
of I from of I from 
Faraday model 

fading ionosphere 
(x 101?) 


I 


< 10!2 em-?) 





Oct. 19, 1957 
0335 hours 


Oct. 20, 1957 400 5:6 x 
0330 hours 
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For a first comparison with the satellite results it was supposed that the 
ionization density at heights between the F2-peak and the satellite had the value 
measured at the peak. The magnitude which would be assumed by the quantity / 
of column 5 of Table 1 if this model ionosphere were correct is shown in column 6. 

The fact that the values of J deduced from the Faraday fading are slightly less 
than those deduced from the model ionosphere shows that the assumption that the 
electron density does not decrease above the peak is incorrect. A second model was 
therefore considered in which the electron density was supposed to decrease linearly 
above h,, F 2, so that it had fallen to (1 — «)N,,, at a height 100 km above the peak. 

The values deduced from « are shown in Table 2; some additional results have 
been included from records in which only 40 Mc/s was observed. Some of the 
results apply to intervals for some part of which the angle of incidence increased 
45°. These results are marked with an asterisk. All heights in the table are given 


to the nearest 5 km. 


Table 2 





Ch, F2 
m i ; Height of | sicht 
wa, | Nie? |e | ee? |) eee 

; satellite | above 


J0 i 10° cem~? Me/s 
(1012 em-?) ( ) ( e/s) (km) h,,F 2 





17 Oct. 35! 2-6 . 475 0-00 
18 Oct. 36: “ 5:8 450 0-09* 
495 0-32 
19 Oct. . 5: 475 0-00 
500 0:20 
0:22 
0-19 
0-14* 
0-00* 
0-00 
0-10 
f 0-12* 
21 Oct. 42: 3°: 4 50 0-00 
22 Oct. 2 2-¢ 3: é 52: 0:00 


20 Oct. 





3. THE DoprLeR RECORDS 


Estimates of the electron content may also be made using equation (16) Part I 
(ArrcHison and WereExkgss) if simultaneous records are available for the Doppler 
frequency shift on both frequencies radiated from the satellite. In Fig. 1 a typical 
record of the received frequency is plotted for the two frequencies, with the 
frequency scale doubled for the lower curve. If there were no ionosphere these two 
curves would be identical and the ionospheric effect has to be evaluated as the 
difference between them. Thus [n ake is represented by the area PQ F on the figure 
and 2[mp, |,” by the area XYZ. Under the conditions prevailing these areas are 
very nearly equal. In a typical } min interval the areas correspond roughly to 
5000 c, and it would be expected that, because of propagation through the 
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ionosphere there would be a difference of about 260 c between the two areas. To 
measure this difference to an accuracy of +2 per cent it would be necessary to 
estimate the two areas individually to about 1 in 2000. 

The best simultaneous records available to us were those taken at the Post 
Office Radio Stations at Baldock and Banbury where accurate readings of frequency 
were taken at intervals of about 10 sec by manual observations. 

For a number of the best of these records (where the points lay on a smooth 




















O3i4 O36 O36 0320 
LMT 


Fig. 1. Typical Doppler curves for 20 and 40 Me/s signals. The effect of the ionosphere is 
proportional to the difference of the shaded areas. 


curve) the differences of the areas were calculated for the } min intervals from the 
time of steepest slope; these lay between 200 and 300 c. There is some error in 
assuming that the Doppler shift is zero at the time of most rapid change so that 
these values may be taken as consistent with the results from the Faraday fading 
within the accuracy of the Doppler results. 

A more detailed study of the Doppler results has been made by Hipperp and 
THOMAS (1958) by a method which does not impose the same restrictions on the 
angle of incidence as the approximate method used here. 


4. CONCLUSIONS 


(1) The analysis of the Faraday fading suggests that the ionization density 
above the maximum of F2 at night decreases only slowly and that at 100 km 
above h,,F2 it has not decreased by more than 20 per cent. These results are 
tentative because of the inaccurate knowledge of the orbit for 1957«2 and because 
the analysis itself is only approximate. 

(2) The best Doppler records, although not sufficiently accurate for detailed 
analysis, do not appear to be in disagreement with these conclusions. 

(3) If full advantage is to be taken of the information available in the trans- 
missions from future satellites it is highly desirable that accurate orbit data should 
be available as a result of visual observations and that records of the Doppler 
effect should be made continuously and automatically at several receiving sites. 
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Abstract—Tables of coefficients are presented by means of which h’—f records may be readily reduced 
to electron-density—height profiles without the use of computing aids. The tables presented are for any 
station whose magnetic dip angle does not exceed 80°. The ordinary ray trace is utilized. No special 
assumptions concerning profile shapes are made. Account is taken of the earth’s magnetic field, but 
collisions are neglected. 

The sensitivity of these coefficients to magnetic dip angle and gyrofrequency is discussed. Sample 
h’-f records are reduced by means of the coefficients and the results are compared with those from the 
Budden matrix method. 


1. INTRODUCTION 


In this paper tables of 5 and 10-point coefficients are presented, by means of 
which ionospheric h’—f records (ionograms) may be readily reduced to N-h 
(electron—density—height) profiles without further computational aids. Full 
account is taken of the earth’s magnetic field, and no assumptions are made 
concerning layer shape, other than a monotonic variation of electron density 
with height. Electronic collisions are neglected, and a ray-theory approach 


(utilizing the ordinary ray) is used. The tables are consequently of value mainly 
for region Ff. These tables are valid for all observing stations where the magnetic 
dip angle is less than 80°;+ for stations with larger dip angles, extrapolation will 
provide additional tables if required. 

The coefficients were computed by the method described by SCHMERLING 
(1957b, 1958), to which the present paper forms a sequel. The semi-graphical 
method originally described therein has been replaced by a machine programme 
which performs essentially the same steps. BupDDEN (1954) matrices (40 x 40) 
were used, covering the range 1-5 to 13-5 Mc/s with 0-3 Me/s frequency increments. 


2. REPRESENTATION OF THE EartTH’s MAGNETIC FIELD 

The computation of the coefficients requires values of gyrofrequency and 
magnetic dip angle at ionospheric heights. Some method of specifying these must 
accordingly be found, both for the computations, and for determining the particular 
table to be used by any station. 

The mean dipole approximation is rather crude, as widespread departures are 
found from a simple dipole field. The spherical harmonic expansion of VESTINE 
et al. (1947) is probably the best available, but a simpler method is suggested here 
which gives, very closely, the same results. 





* The research reported in this paper has been sponsored by the USA National Committee for the 
IGY under Project No. 6-9 and by the Geophysics Research Directorate of the Air Force Cambridge 
Research Center, Air Research and Development Command, under Contract AF'19(604)-1304. 

+ This is not an inherent limitation of the computations, but arises merely from a technicality in 
the computer programme. It is hoped to publish, at a later date, tables for larger values of dip angle. 
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If the ground value of the magnetic dip angle is used, together with an inverse- 
cube extrapolation from the ground field intensity, a separate dipole field is 
effectively taken for each point on the earth. That these values agree quite well 
with those given by VESTINE et al. may be seen from Table 1. 

To compute the tables, the world was divided into eight equal zones of magnetic 
dip, at ten degree increments and ranging from 0° to 80°. Each dip-zone represents 


Table 1. Comparison of inverse-cube and spherical harmonic fields 





Total field intensity 
cients Magnetic dip 


Long. Colat. ; = (from VESTINE) 
(from VESTINE) (from inverse-cube law) 
m; A = 300 km 


9’ 53°16 


h =0Okm; hk = 100 km; hk = 300 km h...100km;h = 300km hk = 0km; hk = 100k 

| 0-440 0-420 0°38 0-420 0°38: 3°41’ 53°2 
0-504 0-477 0-440 0-481 
599 0-567 0-514 0-571 
0-463 0-446 0-408 0-442 
0-:0°609 0-576 0-522 0-581 


Ode 





the dip for both positive and negative values of dip, e.g. the dip-zone for 10° to 
20° dip represents the range in dip from +10° to + 20° and from —10° to —20°. This 
is permissible in that the value of the coefficients depends only on the magnitude of 
the dip and not on the sign. 

The variation of the total field in each zone was then examined, and two 
values chosen such that the extreme differences between the field at any place and 
the nearest chosen value of the field were minimized.* The tabular values of 
gyrofrequency were then obtained by an inverse-cube extrapolation to 200 km. 
By taking the value of the dip at the centre of each dip-zone and the two chosen 
values of gyrofrequency, two groups of coefficients were calculated to cover each 
dip-zone. Sixteen groups of coefficients were thus computed. The magnetic data 
were taken from the U.S. Navy Hydrographic Charts, published by the U.S. 
Navy Hydrographic Office. 


3. ACCURACY OF THE COMPUTATIONS 


The accuracy of the computations depends primarily on the frequency interval, 
Af, used in the Budden matrix. For the special case of zero dip, the computed 
coefficients may be directly compared with the coefficients of KELso (1952), 
which can be obtained from a table of sines to any desired accuracy. Table 2 
gives the computed coefficients for Af = 0-2 Mc/s and 0-5 Me/s together with the 
Kelso values. It may be seen that, even for Af = 0-5 Mc/s, agreement is to within 
a few parts per thousand for the largest coefficients. Considerable errors can be 
tolerated in the smaller coefficients, since the lowest portions of h’—f records 
usually have least curvature, resulting in only small changes of virtual height 
with frequency. It may thus be concluded that a choice of Af = 0-3 Mc/s leads 
to negligible errors from this cause. 





* The values of gyrofrequency actually used in the computations are given in square brackets in the 
tables. 
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Table 2. Coefficients for zero dip 





Schmerling coefficients 
Kelso 
coefficients 


Af =0-2Mc/s | Af = 0-5 Me/s 
| 


0-997 0-997 0-997 
0-972 0-973 0-974 
0-924 0-924 0-925 
0-853 0-852 0-852 
0-760 0-760 0-758 
0-649 0-648 0-646 
0-522 | 0-521 0-519 
0-383 0-384 0-378 
0-233 0-237 0-229 
0-078 0-081 0-078 





4. SENSITIVITY TO MaGnetic Dip ANGLE AND GYROFREQUENCY 


Owing to the method used to calculate the tables of coefficients in this paper, 
there will be variations in the coefficients, for particular locations, from the 
coefficients designated, in the tables, for that station. It therefore becomes 
necessary to determine the sensitivity of the coefficients to dip and gyrofrequency 
in order to determine the maximum possible variation of the coefficients, presented 


in the tables, from the corresponding coefficients for a particular location. 

The sensitivity of the coefficients to the magnetic parameters may be seen 
directly from the tables, but it is instructive to examine the effects of the two 
parameters separately. 

Table 3 shows the variation in the coefficients due to a variation in dip angle 
of 20° (holding the gyrofrequency, /;,;, constant at 1-18 Mc/s). Table 4 shows the 
variation in the coefficients due to a variation in gyrofrequency of 0-846 Mc/s 
(holding the dip angle constant at 60°). 


Table 3. Variation of coefficients with dip angle 





fa = 1:18 Me/s fa = 1-18 Me/s 
Dip = 55 Dip = 35 


0-991 0-995 
0-951 0-963 
0-889 0-905 
0-812 0-829 
0-721 0-736 
0-616 0-628 
0-497 0-506 
0-365 0-371 
0-225 0-228 
0-077 0-078 
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Now the maximum possible variation in dip and gyrofrequency of any station 
between magnetic dip angles of --80° from the dip and gyrofrequency of at least 
one table of coefficients, presented in this work, cannot exceed 5° and 0-225 Me/s 
respectively. It can be seen from Table 3 that, for a variation in dip of 20° 
(holding f;, constant), the maximum variation for any of the coefficients is not 
greater than 2 per cent. Since the variation in the dip cannot exceed 5° the 


Table 4. Variation of coefficients with gyrofrequency 





fa = 9-784 Me/s fu = 1-62 Me/s 
Dip 60 


0-991 
0-952 
0-£9] 
O-815 
0-724 
0-618 0-598 
0-498 0:48] 
0-366 0-353 
0-222 0-216 


0-075 0-075 





variation in the coefficients, due to a 5° variation in dip, should not exceed } per 
cent. Referring to Table 4, it can be seen that for a variation in gyrofrequency 
of 0-846 Mc/s (holding the dip constant) the variation for any of the coefficients 
is not greater than 3-2 per cent. The maximum possible variation in gyrofrequency 
envisaged is 0-225 Mc/s. This means that the variation in the coefficients due to 
a variation in gyrofrequency should not exceed 1 per cent. 

Consequently, from Tables 3 and 4, it can be seen that the maximum variation 
in the first three coefficients (due to a variation in dip and gyrofrequency) of any 
location does not exceed $ per cent and the variation in the remaining 
coefficients does not exceed 1} per cent from the corresponding coefficients, 
given in the tables, for that particular location. 


5. OVERALL ACCURACY 


The overall accuracy of record reduction is very difficult to specify, since this 
clearly depends on the exact nature of the record to be reduced. This discussion 
will therefore be carried out in terms of specific examples. 

The reduction accuracy of single-layer h’—f records has already been considered 
by ScHMERLING (1957b, 1958). It was determined that the 5-point method gives 
results to within a few kilometres, except close to the critical frequency, where 
errors up to 10 km are possible. The 10-point method gives results to better than 
5 km everywhere. 

This discussion assumed good h’—f records, with flat lower boundaries. Scaling 
errors were not considered. If the lower boundary is not flat, errors due to low- 
frequency cut-off may be considerably greater, as shown by SCHMERLING (1957a). 
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SAMPLE h-f RECORD 


VIRTUAL HEIGHT km 





en ee eee. 
3 4 567890 214 


FREQUENCY — mc/s 





— /BUODEN MATRIX METHOD 
x 10 POINT METHOD (Three Scales) 


g 


— 


8 


oa 


8 


E 
od 
' 
kK 
=z 
© 
WwW 
od 
WwW 
=} 
e 
= 


8 





Te SS RE ee es 
4 5 67 8 9 10 
FREQUENCY—me/s 





©— BUDDEN MATRIX METHOD 
X— 10— POINT METHOD (I SCALE 
EVALUATED FOR MIDDLE RANGE) 








FREQUENCY— mc/s 
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© ~- BUDDEN MATRIX METHOD 
x- 10-POINT METHOD (I! SCALE 
EVALUATED FOR UPPER RANGE) 


km 
i) 
a 
°o 


TRUE HEIGHT — 
8 








FREQUENCY — mc/s 


/ BUDDEN MATRIX METHOD 
Es x 5 POINT METHOD (One Scole, Evaluated For Middle Range) 


— 


8 


§ 


8 


3 
= 
' 
K 
x= 
© 
w 
=x 
wW 
~ 
ec 
- 





Se a ae ee ee 


6 7 8 9 10 tt 2 1 14 15 
FREQUENCY — mc/s 





h-f RECORD FOR WASHINGTON, D.C. 
1000 HRS. 
JULY 27, 1957 





| ae 


| 
4 5 67890 
FREQUENCY — mc/s 
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g 


i-f RECORD FOR PANAMA 


0800 HRS. 
JULY 27, 1957 


8 VIRTUAL HEIGHT -—km 
83 8 8 


re) 
re) 








o 


FREQUENCY - mc/s 


© 10 Point Method 
x 5 Point Method 


—~Budden Matrix Method 


200 


WASHINGTON, D.C. 
1000 HRS. 
JULY 27, 1957 


E 
=x 

1 
Be 
x 
° 
WwW 
x 
WwW 
2 
4 
eR 


o 10 Point Method 
x 5 Point Method 


———Dudden Matrix Method 


FREQUENCY (mc/s) 








nw 
° 
(e) 


PANAMA 
O800 HRS. 
JULY 27, 1957 


TRUE HEIGHT — km 








6 8 
FREQUENCY (me/s) 





E. R. SCHMERLING and C. A. VENTRICE 


This effect is not peculiar to the present method of reduction, as it is inherent in 
the analysis, and will be found in any method. This is due to the fact that it 
arises from the necessity of inserting, by guesswork, a missing portion of the 
record. 

To examine the errors which can arise in the reduction of more complicated 
h'-f records, an extreme example was taken. The h’-f record is shown in Fig. 1. 

Fig. 2 shows the results of reduction by three 10-point scales (evaluated at 
the frequencies 3 Mc/s, 7-5 Mc/s and 13-5 Mc/s respectively), compared with the 
results of the Budden matrix method, which has been shown independently to be 
highly accurate. It can be seen that the agreement is to better than 5 km except 
for the last point, at the critical frequency, where scaling is very difficult. Fig. 3 
shows the results of reduction using one 10-point scale, evaluated at the frequency 
7-5 Mc/s. The results compare fairly well with those of the Budden method for 
frequencies up to 12 Mc/s. Above 12 Me/s, use of this simple scale causes a large 
deviation from the Budden method. Fig. 4 shows the results of reduction using 
one 10-point scale, evaluated at the frequency 13-5 Mc/s. It can be seen that 
these results compare well with those of the Budden method except for the last 
point, at the critical frequency. 

Fig. 5 shows the results of reduction using one 5-point scale, evaluated at the 
frequency 7:5 Mc/s. It can be seen that although extreme deviations of up to 
20 km do occur the trend in the N-A profile is given quite well. The oscillations 
in both this and the previous curves are due to sampling errors, as discussed by 
Piaeort (1954). They arise from intermediate cusps, and are clearly less severe 
for the 10-point reduction. 

Two examples, taken from actual h’—f records, are shown in Figs. 6-9. Figs. 6 
and 7 show the h’—f records and Figs. 8 and 9 the N-h profiles deduced. The 
solid line gives the profiles obtained from the Budden method, the crosses the 
results of 5-point scale analysis and the circles the results of the 10-point scale 
analysis. Agreement is seen to be quite close. 


6. TABLES OF 10-PorInT AND 5-PoINT COEFFICIENTS 


The use of the following tables is best described by an example. Let us consider 
a station whose dip angle is —48° and whose gyrofrequency is 1-0 Mc/s. The 
coefficients for this station are found in the table whose range in dip is from 40° 
to 50°. There are two groups of coefficients corresponding to this dip-range: one 
group for the range in gyrofrequency from 0-580 Me/s to 0-965 Mc/s, the other 
group for the range in gyrofrequency from 0-965 Mc/s to 1-35 Me/s. The coefficients 
for the range in gyrofrequency from 0-965 Mc/s to 1-35 Mc/s are then used for 
this station. The upper columns are used in a 10-point analysis; the lower in 
a 5-point analysis. 

Now, for each station there are eights sets of coefficients, each set corresponding 
to a particular frequency, f,, (f,, is the frequency at which the true height is desired). 
It might appear that one would need a set of coefficients for each frequency, /,,, 
in order to properly reduce an h’—f record. On the contrary, it has been shown in 
Section 5 that one set of coefficients used over a considerable frequency range 
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Dip (0°-10°) 





fa (0-00-0-860) Me/s [0-728 Me/s] fit (0°860-1-12) Me/s [1-00 Me/s] 





Sn (Me/s) 
10-5 9-0 7:5 6-0 “f 3° 3:6 2: ef . “f “f 3-0 





0-997 0-997 0-997 0-997 | 0-997 P 0-997 0-997 0-997 0-997 0-997 
0-973 0-973 0-973 0-973 0-973 "973 0-973 0-973 0-973 0-973 0-973 
0-923 0-923 0-923 0-925 | 0-923 ‘923 0-923 0-923 0-924 0-924 0-925 
0-851 0-851 0-851 0-851 | 0-852 “851 0-851 0-851 0-851 0-851 0-851 
0-759 0-759 0-759 0-756 | 0-759 . 0-759 0-758 0-758 0°757 0-756 
0-648 0-648 0-647 0-643 0-648 F 0-648 0-647 0-647 0-646 0-643 
0-521 0-521 0-520 0-518 | 0-521 "521 0-521 0-520 0520 0-518 0-518 
0-381 0-381 0-380 0-383 | 0-381 Pa 0-381 0°380 0-380 0-378 0-383 
0-232 0-232 0-231 0-237 | 0-232 *232 0-231 0-231 0-231 0-232 0-237 
0-077 0-077 0-078 0-082 | 0-077 1-077 0-077 0-078 0-078 0-079 0-082 


0-988 0-989 0-988 | 0-988 a 0-988 0-989 0-989 0-989 0-988 
0-890 0-890 0-891 | 0-890 *890 0-890 0-890 0-890 0-890 0-891 
0-705 0-705 0-702 | 0-706 *706 0-705 0:705 0-705 0-704 0-702 
0-452 0-452 0-452 | 0-453 "452 0-452 0-452 0-451 0-450 0-452 
0-155 0-155 0-161 | 0-155 "155 0:155 0-155 0-155 0-156 0-161 





| 





Dip (10°-20°) 





fa (0°580-0°855) Mc/s [0-728 Me/s] fa (0:855-1-12) Me/s [1-00 Me/s] 








fn (Me/s) | f, (Me/s) 
75 60 45 3 35 120 105 90 75 60 45 





0-997 0-997 0-997 0-997 | 0-997 0-997 0-997 0-997 0-997 0-997 0-997 
0-972 0-972 0-972 0-971 | 0-971 0-971 0-972 0-972 0-972 0-972 0-971 
0-920 0-920 0-920 0-921 | 0-920 0-920 0-920 0-920 0-920 0-920 0-921 
0-848 0-847 0-847 0-845 | 0-848 0-847 0-847 0-846 0-846 0-845 0°845 
0-755 0-754 0-753 0-750 | 0-756 0:755 0-754 0-753 0-752 0-751 0-749 
0-645 0-644 0-643 0-637 | 0-645 0-644 0-644 0-643 0-642 0-640 0-637 
0-518 0-518 0-516 0-513 | 0-519 0-518 0-518 0-517 0-515 0-513 0-512 
0-379 0-379 0°377 0-379 | 0°380 0°379 0-379 0-378 O-¢ 0-375 0-378 
0-231 0-230 0-230 0-230 0-235 | 0-232 0-231 0-230 0-230 0-229 0-230 0-234 
0-077 0-077 0-078 0-081 | 0-077 0-077 0-077 0-077 0: 0-078 0-080 


0-988 0-987 | 0-987 0-987 0-988 0-988 0-988 0-988 0-987 
0-886 0: 0-886 | 0-887 0-886 0-886 0-886 0:885 0-885 0-886 
0:702 0 0-696 | 0:703 0-702 0-702 0-700 0-699 0-698 0-695 
0-450 0:447 | 0-451 0-451 0-450 0-449 0-447 0-445 0-446 
0-154 0-159 | 0-155 0-155 0-154 0-154 0154 0-155 0-159 
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Dip (20°-30°) 





fa (0-580-0-855) Me/s [0-728 Me/s] fa (0°855-1-15)Me/s [1-00 Me/s] 


fn (Me/s tn (Me/s) 
13-5 12-0 10:5 9-0 7-5 6-0 of 30 | 13:5 12:0 105 9-0 7:5 6-0 





0-996 0-996 0:996 0-996 0-996 0-996 0-996 0-995 | 0-996 0-996 0-996 0-996 0-996 0-996 0-996 
0-969 0-969 0-969 0-969 0-969 0-969 0-968 0-967 | 0-968 0-968 0-968 0-969 0-969 0-969 0-968 
0-917 0-917 0:916 0-916 0-916 0-915 0-915 0-915 | 0-916 0-916 0-915 0-915 0-914 0-914 0-914 
0-846 0°845 0:844 0-843 0-842 0-841 0-839 0-837 | 0-844 0-843 0-842 0-841 0-840 0-839 0-837 
0:754 0°:753 0:752 0-751 0-750 0-748 0-745 0-741 | 0-752 0-751 0-750 0-749 0-747 0-745 

0-644 0-643 0-642 0-641 0-640 0-638 0-635 0-630 0:642 0:641 0-639 0-638 0-635 

0-518 0-518 0-517 0-516 0-515 0-513 0-510 0-507 ef 0-516 0°516 0-515 0-513 0-511 

0-380 0:379 0:379 0-378 0-377 0:375 0°373 0-374 | 0-379 0-378 0°378 0°377 0:376 0-374 

0-231 -231 0-231 0-230 0-229 0-229 0-229 0-232 ee 0-231 0-230 0:229 0-229 0-228 

0-077 0-077 0-077 0-077 0-077 0-077 0-078 0-080 | 0-077 0-077 0:077 0-077 0-077 0-077 

bf 
a | 

" 0-986 0-986 0-986 0-986 0-986 0-986 0-985 0-984 | 0-986 0-986 0-986 0-986 
0-884 0-883 0-883 0-882 0-881 0-880 0-879 0-879 | 0-882 ° 0-880 0:879 0-879 

0-701 0-700 0-699 0-698 0-697 0:695 0-692 0-687 | 0-699 0-696 0:695 0-692 
0-450 0-450 0-449 0:449 0-447 0-446 0°443 0-442 | 0-449 0-447 0-446 0-444 

0-155 0:154 0-154 0-154 0-154 0-153 0-154 0-157 | 0-154 0-153 0-153 0-153 0-153 





Dip (30°-40°) 





fi (0:580—0-900) Me/s [0-756 Me/s] fa (0°900—-1-25) Me/s [1-06 Me/s] 





fn (Me/s) 
12-0 10-5 9-0 7:5 6-0 4-5 3° | 135 





0-996 0-995 0-995 0-995 0°995 0-995 0-994 0-994 | 0-995 0-995 0-995 0-994 
0-966 0-966 0-966 0-966 0-965 0-965 0-964 0-963 | 0-965 0-965 0-964 0-964 0-963 
0-914 0-913 0-912 0-911 0-910 0-909 0-908 0-908 | 0-912 0-909 0-908 0-906 0-905 
-842 0-841 0-840 0-838 0-837 0°834 0-831 0-828 | 0-839 0-835 0°833 0-830 0-827 
‘751 0-750 0-749 0:747 0-745 0-742 0-738 0-732 | 0-748 0-743 0-741 0-737 0-733 
-642 0-641 0-640 0-638 0-636 0-633 0-629 0-621 | 0-639 0-635 0-632 0-629 0-624 
-517 0-516 0-515 0-514 0-512 0-509 0-505 0-500 | 0-515 0-511 0°:509 0-506 0-501 
-379 0378 0-378 0°377 0:375 0-373 0:370 0-369 | 0-378 0: 0-375 0°373 0:370 0-367 
-231 0-231 0-230 0-229 0°:228 0-227 0-227 0-229 | 0-230 0-228 0-227 0-226 0-225 
-077 0-077 0-077 0-077 0-077 0-077 0-0 0-079 | 0-077 0-077 0-076 0-076 0-077 


| 


0-984 0-984 0-984 0-984 0-983 0-982 0-981 | 0-984 0-983 0-983 0-981 

0-880 0-880 0-879 0-876 0-874 0-872 0-870 | 0-878 0-874 0-870 0-867 

0-698 0-698 0-696 0-692 0-689 0-685 0-678 | 0-696 0-691 0-685 0-673 

0-449 0-449 0-448 0-445 0:443 0-439 0-436 | 0-448 0°444 0-440 0-432 

0-154 0-154 0-154 0-153 0-153 0-153 0-155 | 0-154 0-153 0-152 0-153 
| 
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Dip (40°-50°) 





| 
fa (0580-0965) Mc/s [0-784 Mc/s] | fat (0-965-1-35) Mc/s —[1-148 Me/s] 





J, (Me/s) 


fn (Me/s) 





| 
10°5 9-0 75 6-0 4-5 3-0 | 13-5 12:0 10-5 9-0 7:5 6-0 
Same at 


0-994 0-994 0-994 0-994 0-993 0-993 0-992 | 0-994 0-994 0-994 0-994 0-993 0-993 0-992 0-991 
0-963 0-962 0-962 0-962 0-961 0-960 0-957 | 0-961 0-960 0-960 0-960 0-959 0-959 0-958 0-955 
0-909 0-908 0-907 0-905 0-903 0-901 0-900 | 0-906 0-905 0-904 0-902 0-900 0-898 0-896 0-895 
0-838 0-836 0-831 0-828 0-823 0-818 | 0-834 0-832 0-830 0-828 0-825 0-821 0-816 0-811 
0-747 0-745 0-743 0-740 0-736 0-730 0-722 | 0-744 0-742 0-740 0-737 0-733 0-729 0-722 0-714 
0-639 0-637 0-635 0-632 0-628 0-622 0-613 | 0-636 0-634 0-632 0-630 0-626 0-621 0-615 0-604 
0-515 0-513 0-512 0-509 0-506 0-500 0-493 | 0-512 0-511 0-510 Of 0-504 0-500 0-494 0-486 
0-377 0-376 0°375 0-373 0-371 0-366 0-364 | 0-376 0°375 0-374 0-372 0:370 0-367 0°362 0°358 
0-230 0-229 0-228 0-227 0-226 0-225 0-226 | 0-230 0-229 0-228 0-227 0-225 0-224 0-222 0-222 
0-077 0-077 0- 0-076 0-076 0- 0-078 | 0- 0-076 0-076 0-076 0-076 0-076 0-076 0-076 


0-982 0-982 O-¢§ eg eg 0-979 0-977 | 0-981 0-981 0-980 0-980 0-979 0-978 0-976 
0-876 0°874 0-87é , *867 0-864 0-861 | 0-872 0-869 0-867 0-864 0-861 0-858 0-854 
0-695 0-693 0-6§ F 4 0-678 0-669 | 0-692 0-688 0°685 0-682 0-677 0-670 0-660 
0-447 0-446 0-44: 0-434 0-430 | 0-446 0-443 0-441 0:439 0-435 0-429 0-423 
0-154 0-153 0-153 0-152 0-152 0-152 0-153 | 0-153 0-152 0-152 0-151 0-150 0-150 0-150 








Dip (50°-60°) 





fu (0°70-1-10) Me/s [0-896 Me/s] (1-10-1-50) Me/s [1-316 Me/s] 





Ft, (Me/s) Fn (Me/s) 
9-0 7:5 6-0 4:5 3° | 3° 12:0 10°5 9-0 75 6-0 





0-993 0-993 0-993 0-992 0-992 0-991 0-990 | 0-993 0-992 0-992 0-992 0-991 0-991 0-990 0-989 
0-959 0-958 0:958 0:957 0°956 0-954 0-951 | 0-956 0-955 0-955 0-954 0-953 0-952 0-951 0-948 
0-904 0-903 0-901 0-898 0-895 0-892 0-889 | 0-900 0-898 0-897 0-894 0-892 0-888 0°885 0-882 
0-832 0-830 0-8: 0-824 0-819 0-813 0-806 | 0-828 0-825 0-819 0-815 0-810 0-804 0-796 
0-742 0-740 0-7: 0-733 0:728 0-720 0-709 | 0-738 0-736 0-733 0-729 0-724 0-718 0-710 0-699 
0-635 0-633 0-6: 0-626 0-621 0-613 0-601 | 0-631 0-629 0-626 0-623 0-618 0-612 0-604 0-590 
0-512 0-510 0+: 0-505 0-500 0-493 0-483 | 0-509 0-508 0-505 0:502 0°499 0-493 0°485 0-473 
0-375 0:374 0-372 0°370 0°366 0-361 0-356 | 0-374 0°373 0: 0-369 0-366 0-362 0°355 0-348 
0°229 0-228 0:22 0-225 0-223 0-221 0-220 | 0-228 0-228 0-2: 0-225 0-223 0-221 0-218 0-215 
0-076 0-076 0- 0-076 0-076 0-076 0-076 | 0-076 0-076 0: 0-075 0-075 0-075 0-074 0-074 


0-980 “979 0-978 0-977 0-976 0-973 0-978 0-978 0-977 0-977 0-976 0-974 0-971 
0-871 , 0-863 0°859 0-855 0°849 | 0-866 0-864 0:862 0-859 0-855 0-846 0-841 
0-691 *685 0-682 0-676 0-669 0-656 | 0-687 0°684 0:6 0-678 0-673 0-658 0-645 
0-445 0-4 0-439 0-435 0-428 0-421 | 0-443 0-442 0-437 0-434 0-421 0-412 
0-153 0-151 0-151 0-150 0-149 0-149 | 0-153 0-152 0-151 0-150 0-149 0-147 0-146 
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Dip (60°-70°) 





fu (0°780-1:20) Me/s [0-980 Me/s] fi (1:20-1:65) Me/s [1-428 Me/s] 





tn (Me/s) | 
9-0 7-5 60 4 3-0 | 135 2 5 ; ; : 4-5 3:0 





0-992 0-992 0-992 0-991 0-991 0-990 0-989 0-988 | 0-991 0-991 0-990 0-990 0: 0-989 0-988 0-986 
0-956 0-955 0-954 0°953 0-952 0-951 0-949 0-946 | 0-951 0-950 0-949 0-948 0- 0:946 0-944 0-941 
0-901 0-899 0-897 0-894 0-891 0-888 0-883 0-879 | 0-894 0-892 0-890 0-887 0: 0:879 0:875 0-870 
0-829 0-826 0-824 0-820 0-816 0-810 0-803 0-793 | 0-822 0-819 0-815 0-811 0- 0-800 0:792 0-782 
0-739 0-736 0-734 0-730 0-725 0-719 0-710 0-696 | 0:732 0°729 0-726 0-721 O- 0-708 0-698 0-683 
0:632 0-629 0-627 0-623 0-619 0-612 0-603 0-588 | 0-626 0:624 0-620 0:616 0: 0-603 0:592 0-576 
0-509 0-507 0-505 0-502 0-498 0-492 0-484 0-472 0-505 0-503 0-500 0-497 0-485 0:474 0-461 
0-373 0-372 0-370 0°368 0:365 0-360 0-353 0-347 | 0-371 0:369 0-367 0-365 0-355 0°347 0-338 
0-227 0-226 0-225 0-223 0-221 0-219 0-217 0-214 | 0-226 0-225 0-224 0-222 0-216 0-213 0-208 
0-075 0-075 0-075 0-074 0:074 0-074 0-074 0-073 | 0-075 0-075 0-074 0-074 0-073 0:072 0-071 


0-977 0-977 0-976 0-976 0-975 0-974 0-969 | 0-974 0:974 0-973 0-972 0-969 
0-867 0-865 0-862 0-859 0-855 0-851 0-838 | 0-860 0°854 0:851 0-846 0-835 
0-687 0-685 0-682 0-679 0-674 0-667 0-643 | 0-681 0:675 0-670 0-665 0-646 
0-442 0-441 0-439 0-436 0-433 0-428 0-410 | 0-440 0°435 0°432 0-428 0-411 
0-151 0-150 0-150 0-149 0-148 0-147 0-145 | 0-151 0-149 0-148 0-147 0-143 





Dip (70°-80°) 





[1-40 Me/s] far (1:55-1-85) Me/s [1-70 Me/s] 








fn, (Me/s) 
12:0 105 90 7-5 6-0 “é 3: 3: 12-0 ef 9-0 7:5 6-0 





0-990 0-990 0-989 0-989 0-988 0-988 0-987 0-985 | 0-988 0-988 0-987 0-987 
0-948 0-947 0-945 0-944 0-943 0-941 0-940 0-937 | 0-944 0-943 0-940 0-938 
0-890 0-888 0-885 0°882 0:878 0:874 0-869 0-864 | 0:884 0-881 0-874 0-870 
0-817 0-814 0-810 0-806 0-801 0-794 0-786 0-776 | 0-810 0-806 0-797 0-792 
0-728 0-725 0-721 0-716 0-710 0-702 0-692 0-698 | 0-720 0-716 0-707 0-700 
0-622 0-619 0-616 0-611 0-605 0-598 0-587 0-573 0-615 0-612 0-602 0-596 
0-501 0-499 0-496 0-492 0-488 0-481 0-471 0-459 | 0°-495 0-492 0-484 0-479 
0:368 0:367 0°364 0-361 0°358 0-352 0-345 0-336 | 0-364 0-361 0-355 0-352 
0-224 0-223 0-222 0-220 0-218 0-216 0-211 0-207 0-222 0-220 0-216 0-213 
0-075 0-075 0-074 0-074 0-074 0-073 0-073 0-071 | 0-074 0-073 0-073 0-072 


0-972 0-971 0-971 0-970 0-968 0-963 | 0-969 0-968 
0-856 0-853 0-850 0-847 0-835 0-821 | 0-848 0- 0-838 
0-677 0-674 0-670 0-665 0-651 0-626 | 0-669 0-656 
0-436 0-434 0-432 0-428 0-418 0-398 | 0-431 0-422 
0-150 0-149 0-149 0-148 0-145 0-139 | 0-147 0-144 








Coefficients for the rapid reduction of h’—f records to N-h profiles without computing aids 


yields very good results. If it is desired to obtain the coefficients for a frequency 
not given in the tables one can interpolate to obtain the desired coefficients. 

The method of use of the coefficients, for the actual reduction of h’-f records, 
is described fully by ScHMERLING (1957b, 1958). 


7. CONCLUSIONS 

Tables of coefficients for the rapid reduction, without computing aids, of 
h’'-f records to N-h profiles have been presented for any station whose magnetic 
dip angle does not exceed 80°. 

It has been shown that single-layer h’—f records are adequately reduced by 
the 5-point method, except very close to the critical frequency. The 10-point 
method should be used in all other cases. If one 10-point scale is to be used, it 
should be evaluated for the high frequency end of the record. Using three 
10-point scales, results to better than 5 km in true height are easily attainable, 
even for the most complex h’—f records found in practice. 
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Abstract—Following a brief survey of the conflicting opinions in this field and general remarks on pulse 
reflection and waveguide interpretations of atmospheric waveforms, the analyses of smooth type wave- 
forms of varying degrees of irregularity are considered. Since observation suggests such irregularities 
are a source phenomenon, the implications of various discharge currents in the lightning channel are 
discussed in terms of waveguide propagation in the first-order mode and are seen to explain regular and 
pseudo regular waveforms. The simple reflection theory is also extended to more complicated source 
conditions to give analogous conclusions. Obviously irregular waveforms are tentatively ascribed to 
discharges of pulsating character. 

Amplitude analysis of the waveform oscillation is shown to give the waveform spectrum very simply 
so that observations of a statistical nature can yield both the average spectrum at the source and the 
relative attenuation coefficients for the respective frequencies which are propagated. 

A review of previous work in the light of the present paper is thought to resolve the apparent dis- 


crepancies. 


1. INTRODUCTION 


THE early observation of the damped-sinusoidal nature of the day-time electric 
field change waveforms due to atmospheric disturbances (APPLETON and CHAPMAN, 
1937) was initially considered as evidence in favour of an oscillatory discharge in 
the lightning channel (LurKry, 1939). Despite the original suggestion by LaBy 
et al. (1938) that the oscillatory structure was due to propagation, they were later 
(1940) of the opinion that the propagation mechanism alone was inadequate to 
explain all of the waveform and concluded that some oscillation did occur in the 
lightning channel. However, SCHONLAND et al. (1940) were satisfied by a direct 
application of reflection theory to day-time waveforms. 

This and later discussion of atmospheric waveforms has been complicated 
by the absence of an acceptable comprehensive classification, such as that indicated 
recently (HEPBURN, 1957) and later described more fully (1958), so that it is 
uncertain when various workers have been considering the same phenomena. 
Ha.es (1948) has suggested that the smooth waveforms observed by day in South 
Africa are adequately explained in terms of first-order mode propagation between 
perfectly conducting earth and ionosphere boundaries. The success of the neglect 
of other order propagation is due to the imperfectly conducting nature of the 
boundaries, which does not greatly change first-order propagation over the relevant 
frequency band but modifies the other order responses to a large extent (BUDDEN 
1951; LIEBERMANN 1956). 

Caton and PriERCcE (1952) state that day-time waveforms and the quasi- 
sinusoidal night-time variety of their Regular Smooth Type are generally 
inexplicable in terms of the reflection theory with waveform crests corresponding 
to ionosphere reflected pulses and suggest they may be explicable in terms of pulse 
propagation between imperfectly conducting boundaries. However, Horner 


262 





Interpretation of smooth type atmospheric waveforms 


and CLARKE (1955) have successfully analysed distant waveforms from the south- 
west in terms of the simple reflection theory. 

Subsequent investigation suggests that Hatzs’ criterion of success was not 
stringent and his conclusions somewhat optimistic, although in broad outline the 
concept appears acceptable. The investigations of HORNER and CLARKE have 
shown that practical analysis of waveforms showing only a few oscillations is 
incapable of giving reflection height or pulse order unambiguously so it is surprising 
that Caton and PIERCE (1952) were unable to obtain acceptable analyses from at 


(8) ©) 
= WW 


Fig. 1. Regular, pseudo regular and irregular smooth type waveforms. 





least some of the waveforms of this type. Their implication of different conclusions 
from pulse reflection and waveguide approaches requires further examination to 
discover why, if at all, two differing conclusions could arise. 

The present paper is concerned with the interpretation of smooth type return 
stroke waveforms (HEPBURN, 1958) which are recorded by day and night from 
storm centres to the west and south-west of the British Isles at distances greater 
than 1700 km using a conventional wide frequency band recording system. These 
waveforms consist of about half-a-dozen smooth oscillations, whose periods increase 
gradually from less than 80 to 250 usec throughout the record and whose 
amplitudes increase rapidly to a maximum during the first third of the trace, 
thereafter decreasing steadily to zero (Fig. 1). Many of the waveforms show an 
obvious irregularity in the simple period and amplitude variations along the trace, 
which has formed the basis of subdivision of this type of waveform. 


2. PutsE REFLECTION AND WAVE-GUIDE INTERPRETATION 


In a previous paper (HEPBURN, 1957) it was shown that, for simple pulses and 
perfectly conducting boundaries, the result of combining the various waveguide 
mode responses was identical in form and time relations with the response 
considered as specular reflection. For the case of imperfect boundaries in which 
the first-order mode response predominates, complications were shown to arise 
when the initial pulse had appreciable duration resulting in distortion of the 
reflected pulses and invalidity of the assumption that the crests of the waveform 
were appropriate points for comparison with pulse reflection analysis. In the case 
of waveforms of almost pure first-order response (i.e. very distant long train or 
smooth types) the reflected pulses appear as sinusoidal oscillations and any 
distortion occurs principally as displacement of the crests along the waveform. 
For simple single or double primary pulses there is no relative displacement, but 
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the reflection theory formula is applicable to crests of the oscillation in the former 
case and zeros in the latter. However, it is extremely doubtful if any observer 
would not obtain a good analysis because of measuring crests instead of zeros on 
a simple smooth waveform, equivalent to an error of only one-quarter in the 
assumed pulse order. It would thus appear that any possible different conclusion 
derived from waveguide considerations is not essentially due to the difference of 
approach but rather to over-simplification of the complicated source conditions in 
one case. It will be shown later that a considerable proportion of smooth type 
waveforms may be interpreted in terms of waveguide nomenclature, because this 
approach is more amenable to extension to complicated source phenomena than is 
convenient with the pulse reflection method. This is especially so in these cases of 
imperfectly conducting boundaries when the propagation is almost entirely in the 


first-order mode. 


3. GENERAL ANALYSIS OF SMooTH TYPE WAVEFORMS 

Waveguide analysis has certain advantages in the interpretation of smooth 
type atmospherics since it avoids the assumption that one particular feature of the 
waveform, usually the positive or negative peak, should conform to some 
derived relation as is the case with simple reflection theory analysis. Following the 
method of Havzs, if the quasi-period 7 at a given point along the waveform is 
plotted as a function of the time of occurrence 7’ of the point reckoned from the 
start of the trace, the resulting plot is intermediate between two limits corre- 
sponding to regular and extremely irregular varieties of waveform. Frequently 
the analysis of pseudo-regular waveforms strongly suggests the existence of a 
common minor irregularity discernable above the random errors of measurement. 
Examples of waveforms and their analyses are given in Figs. 1 and 2. The estimates 
of period were obtained from the durations of half-cycles of the oscillation measured 
between alternate positive and negative crests (CQ) or between successive inter- 
sections of the axis and the waveform trace (@). ‘The smooth theoretical curves 
are for the specified values of ionosphere height 4 and storm distance d. 

Analyses from extremely regular waveforms (Fig. 2A) are consistent with 
first-order mode propagation of sharp initial pulses but the short duration of the 
traces allows a considerable range of solutions for the propagation distance and 
reflection height (cf. Hates, 1948; Caron and Prercre, 1952; Horner and 
CLARKE, 1955), so that neither can be determined significantly in the absence of 
further information. Less regular waveforms cannot be interpreted so simply. 

As regular waveforms and traces showing various degrees of irregularity are 
recorded from the same source region during a single recording period, the 
irregularities are more reasonably attributed to source phenomena than variations 
in propagation. An approach to this problem has been made (HEPBURN, 1957) 
when it was shown that plausible variations of current in the lightning channel can 
radiate complex signals, of varying amplitude spectra, the phases of whose 
components are related in various simple ways to their respective frequencies. 
These were expressed in terms of the Fourier transform of the source signal 
A(f) . exp 276(f)i, where A(f) gives the amplitude of a wave of given frequency 
which is radiated and 6(f) its initial phase. Under certain conditions 6(f) is a linear 
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function of frequency over the appropriate range. In another case 0(f) is approxi- 
mately represented by two different linear functions applicable to ranges above 
and below a transition frequency. It is the aim of the present paper to show that 
the apparently regular waveforms may be interpreted in terms of such source 


conditions. 
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Fig. 2. Waveguide theory analyses of the respective waveforms. 
Taking h = 85 km, waveform A gives d = 3500 + 200 km; B gives d = 2800 + 200 km, 
OH — OL = 60 usec, 77 ~ 117 psec; C gives d = 3000 + 500 km, 6a — 61 ~90 pusec(?), 
TT = 135 psec. 


4. WAVEGUIDE INTERPRETATION OF APPARENTLY REGULAR WAVEFORMS 


Using the nomenclature of the previous paper (HEPBURN, 1957), for a general 
source and first-order mode propagation, a feature of the form 
cos 2ri{fialt iy t,,) » 6, as $n} 
where ¢ ~ ¢,, occurs at a time 
t, = dle — Wf.) — $(fn) (1) 
This may be written as 
t, =dju = d(1 — r*c?/4h?)—*/c — 6(f,) (2) 
showing that the delay 7’ = t, — ty of a given signal of period 7 with respect to 
the start of the waveform at ¢, conforms to simple wave guide dispersion so long as 
6(f,,) is constant. Such a truly regular waveform and its analysis are shown in 
Figs. 1A and 2A. It is of interest to investigate the predictions of the source 
analysis in the more complicated case. When 6(f,), 6(/,), 6(f). (fq) are the slopes 
of the source and propagation characteristics in the low and high frequency regimes 
and 0,, ¢,, 94, dq are the corresponding intercepts—only the # terms being 
constants—the frequencies within each regime separately conform to the waveguide 
dispersion formula but the low frequency portion of the waveform is retarded by 
(6. —9,) relative to the higher frequencies. In the analysis of such a pseudo 
regular waveform (Fig. 1B) the (7’, r) points would lie either on the initial portion 


of the curve given by: 
T = d{(1 — 7°c?/4h?)-* — 1} (3) 


or the later portion of the curve: 
T = d{(1 — 1°0?/4h?)-# — 1}/e + (7 — 6;) (4) 
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Fig. 2B indicates the extent to which this is shown in practice. By obtaining the 
period from only one half-cycle of oscillation and at intervals of only one quarter- 
cycle along the trace a reasonable estimate may be attempted of the transition 
frequency f, and hence the initial phase difference at the source from the relation: 


(6, — 94) =fr(O4 — Or) (5) 


As the low frequency portion of the waveform is retarded, it is at first surprising 
to notice that the analytical points in the transition region do not lie above 
the simple theoretical curves corresponding to abnormally extended periods. 
However in this transition region there is a phase change necessitating the inclusion 
of a considerable fraction of a cycle of oscillation, namely (6, — 6,), which is 
accommodated by the low frequency retardation. Considering the crests of the 
waveform, the condition for the xth crest is 6, + ¢, =n. Suppose the transition 
between the high and low frequency regimes occurs in the vicinity of the mth peak. 
By extrapolation through the transition point from the earlier part of the waveform 
containing the higher frequencies, the nth crest occurs when 0, + ¢y = 7 at 
ty = dle — Of) — o(fy) (see Fig. 2B). Extrapolation from the lower frequency 
later portions of the waveform would give the nth crest when 6, + ¢, =n at 
t, —djc —O6(f,) —¢(f,). Since t, =tyg, no discontinuity in the phase of 
oscillation in the waveform is expected. However the quasi-period of the crest by 
extrapolation from the higher frequencies is significantly greater than that 
corresponding to the lower frequencies (see Figs. 2B, 3B), so that in passing through 
the transition region the quasi-period increases less rapidly than in the simple case. 


5. REFLECTION THEORY INTERPRETATION OF APPARENTLY 
REGULAR WAVEFORMS 
It is instructive to investigate the pulse reflection aspect to compare the results 
expected from such analysis of smooth waveforms with those from waveguide 
considerations. The occurrence of a feature in the first-order mode response of the 
form cos 27{f,(t — t,) + 6, + ¢,} when t ~ t, is given by: 


t, = (4h*d2,,/c2 + d2/c?)! — 6(f,,) (6) 


n 
showing that identity with reflection theory relative time intervals is obtained when 
(f,,) is constant and ¢,, integral. When a sharp single pulse is radiated 6,, is zero 
so that crests of the waveform satisfy the relation. A graph of crest separation 
(i.e. quasi period) 7’, =t, —t,_, against crest reflection order n will be of the 
predicted form and have an intercept 7, on the order axis of the form (N +4), which 
will be } when no mistake has been made in ascribing the crest orders. This is so 
because of the approximate relation, valid for small », that 7’,, ~ 2h?(2n — 1)/ed. 
Slight confusion is introduced here by retaining conformity with established 
nomenclature, which defines quasi period 7, as t,., — t,_, in waveguide treatment 
whereas the analogous quantity, crest separation, 7’,, for pulse reflection is taken as 
t, ~t,.,. This difference accounts for the non-zero intercept on the order axis 
in the case of (nm, 7’) plots. If the negative crests of the waveform are measured 
or the discharge is of the opposite polarity the intercept will be integral valued. 
If the radiated signal is a double impulse, #,, = } and the zeros following the crests 
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are the points whose time relations satisfy the formula for integral ¢,,. The time 
separations of the crests lie on the same (n, 7’) graph but for non-integral peak 
order values ¢,, of the form (m -- }) (ef. Fig. 3A). 

Reflection theory analysis of a waveform possessing the more complicated 
source conditions considered above results in a (”, 7’) graph having a discontinuity 
where the crest separation becomes equal to the transition period, Fig. 3B. In so 
far as 0, = 0, the earlier crests of the waveform satisfy reflection theory 
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Fig. 3. Reflection theory analyses of the respective waveforms. 
Taking h = 85 km, waveform A gives d = 3300 + 200 km, n, = —}+ 4; B gives d = 
2750 + 300 km, 6, —bH ~ kc, rT = 122 psec, C gives d = 3200 + 200 km, 62 
OH = }e(?), 77 = 135 psec. 


predictions. However for the later lower frequency oscillations 6; ~ } and 


alternate zeros of the trace satisfy the formula for successive integral values of ¢,, . 
The crests preceding these alternate zero values will lie on the same graph for 
non-integral peak order values of the form (n — }). When measuring crests 
throughout the waveform, the (n, 7’) points from the later portion of the trace lie 
on a curve of the same form as that through the earlier points but displaced 
by a quarter of an order, or, more generally, by (9; —6,). Thus the dis- 
continuity in the source characteristic results in a crest separation—crest order 
curve with a break when the crest separation equals the transition period 77 and 
relative displacement of the two portions amounts to (6, — 6,,;) of an order. The 
break in the analogous quasi-period-delay curve occurs for the same condition 
and the relative displacement is: 


(9 ae O1) = T(r, ‘a 9) (7) 


Unfortunately deviations from the simple case whereby this occurrence may be 
detected are comparable with the experimental errors in determining the time 
intervals from the waveforms so that it is difficult to be certain in ascribing the 
deviations to this cause. Peak positions may be known to an accuracy of +1 psec 
at the beginning of the trace but this falls to --5 usec at best as the oscillation 
amplitude decreases. A phase change of a quarter-cycle in a waveform from 
3000 km, for which the peak separation increases with peak order at the rate of 
about 30 ysec/cycle, would give portions of the (nm. 7’) curve displaced vertically 
by only 7 usec in time. 
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6. PsEuDO REGULAR WAVEFORMS 


Analysis of pseudo regular waveforms on the basis of a waveguide or pulse 
reflection theory extended to include the more complicated source conditions 
discussed in Sections 4 and 5 would appear superficially to be quite acceptable. 
However in the particular case considered in detail, it is surprising to find the 
source phase discontinuity (9; — 9,,;) considerably in excess of a quarter-cycle. It 
is difficult to understand how such phase discontinuities could arise unless the 
lightning discharge current is of a pulsating character. Because of limited accuracy 
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Fig. 4. Waveforms and waveguide analyses for a discharge current consisting of equal 
pulses separated by the specified intervals. 


in the determination of points on the waveforms, too much significance must not 
be placed upon these estimates as the theoretical curves for slightly different 
storm distances would give values of only a quarter-cycle. The curves fitted to the 
points gave the best agreement without reference to this subsidiary requirement of 
an intelligible value for the phase discontinuity. 


7. IRREGULAR WAVEFORMS 


Analysis of irregular waveforms shows that they cannot be interpreted in 
terms of the modified source conditions already considered. Occasionally the 
analytical points from only slightly irregular waveforms do not lie on displaced 
portions of a single simple theoretical curve and the range estimates from the 
beginning and end portions of the waveform are incompatible (Figs. 2C and 3C). 
Such traces are of far too frequent occurrence to be explained in terms of over- 
lapping waveforms from simultaneous discharges at different distances. 

It is known from the work of MALANn and CoLLens (1937) that return strokes 
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may be pulsating in character, due to the recrudescence of current when the return 
stroke reaches a major branching point of the leader discharge. As an exercise in 
the implications of this knowledge, computations have been made of the waveforms 
resulting from the occurrence of two simple identical discharges separated by 
various time delays. The resulting analyses emphasize the irregularities of these 
waveforms (Fig. 4) even when cursory inspection gives little indication of extreme 
irregularity. Although in practice the components of such a complex discharge are 
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Fig. 5. Variations of trace height with quasi-period for the respective waveforms. 


unlikely to be identical, the exercise clearly illustrates the potentialities of the 
mechanism for producing a wide range of waveform irregularities. In view of the 
known occurrence of such discharges, it appears to be reasonable and acceptable to 
attribute irregular waveforms to this process. 


8. AMPLITUDE ANALYSIS 


The Fourier component amplitudes in the received signal are easily derived 
from the variation of trace height with quasi-period (Fig. 5) for the regular wave- 
forms which may be directly interpreted in terms of first-order mode propagation. 
In general allowing for two dimensional divergence of the radiation and attenuation 
in propagation, the mode response at a time ¢, is of the form: 


E(t, d,m) = A(f,,) .d-* . exp (—a, . d) 
{6(f,) + P(fn)}*. cos 2ar{f,(t — th) + In + bn} (8) 
aie E(f,,) - COS 2r{f,(t LA; t,) of 6, + Pn} (9) 


where ¢ ~ t, 
The amplitude spectrum of the received signal S(f,,) for a particular waveform is 


given in terms of the trace amplitude E(f,,) by: 


S(fn) = E(f,) « Gfn) + dfn}! (10) 


The phase variation term 6(f,,) due to source conditions is zero, when the radiated 
pulse is very short, and very small at frequencies other than the transition 
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frequency f,, for the more complex source characteristic. The phase term ¢(f,,) due 
to propagation (see Fig. 6) is given by: 
f = 2/e 2 2)3/2 
o(f,) =a.f, [ce .(f ri “ 
so that the received signal has the spectrum: 
ss , Wine os 
S(f,) = A(f,) .d-* . exp (—«, . d) 


= E(f,) . d(f,)! for f, #f 
n 7 T 


= E(f,) . dje)* . ff? — 


The evaluation of the form of this expression requires an estimate of the cut-off 
frequency of the waveguide f, = c/2h, which can only be obtained from the 
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Fig. 6. Frequency dependence of the phase variation factor due to propagation. 


waveform analysis in the event of an independent and reliable estimate of the 
distance of the discharge such as may be available as an individual waveform fix 
by a Sferics network. Preliminary analyses of day-time waveforms for which 
such fixes are available suggest it may be necessary to postulate an ionospheric 
layer at an effective height greater than 80 km. Spectra for the waveforms 
discussed earlier are shown in Fig. 7 deduced for an ionosphere height of 85 km 
and neglecting the 6(f,,) term for the waveforms showing irregularities. 

The existence of a regular waveform is evidence of a simple original pulse. It is 
reasonable to conclude that the Fourier analyses of pulses giving such waveforms 
will be very similar in form, if not also in magnitude, and measurements on this 
one variety of waveform will be much more closely grouped than on waveforms in 
general. This average simple source spectrum may be deduced from the variation 
with distance of the oscillation amplitude H(f) normalized to the value E(F) at 
some reference frequency F, according to the formula: 


In E(f)/E(F) = —(a, —ap).d + In {A(f). d(F)#/A(F) . d(f)*} (15) 


The relative attenuation coefficient («, — «,) with respect to the reference 
frequency is obtained directly as the slope of the plot and the normalized source 
spectrum A(f)/A(F) from the variation of the intercept with frequency. 
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Interpretation of smooth type atmospheric waveforms 


9. CONCLUSION 


Smooth type waveforms may be classified upon inspection into regular and 
irregular forms. Accurate waveguide or pulse reflection analysis of the apparently 
regular waveforms reveals a subdivision of this group, the pseudo regular wave- 
forms. These are characterized by a discontinuity in the analytical plots due to 
slight constant displacement of the latter group of points. Analyses of the irregular 
waveforms also exhibit discontinuities but the groups of analytical points do not 
lie on displaced portions of a single simple curve. 
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Fig: 7. Signal spectra of the respective waveforms. 


The truly regular waveforms may be interpreted in terms of waveguide or 
pulse reflection aspects of the propagation of a particularly simple pulse, provided 
the erroneous assumption that crests of the waveform must satisfy the reflection 
theory formula is discarded. Pseudo regular waveforms can be satisfactorily 
explained from either viewpoint, when more complicated source conditions are 
considered and it is not assumed that the discharge in the lightning channel is 
effectively instantaneous. Consideration of the waveforms to be expected from 
discharges having a pulsating current discloses a probable explanation of the 
irregular waveforms. 

Amplitude analysis of the waveforms provides a very simple method of 
obtaining the individual waveform spectra, which may be averaged to obtain 
propagation attenuation coefficients and the mean spectrum at the source. 

The conclusions of Caton and PIERCE diverge from those of other workers, 
who are satisfied by interpretation on one or other of the theories which are seen 
to be mutually equivalent. This is possibly because of greater stringency in 
deciding an acceptable fit with theoretical predictions together with unfortunate 
discouragements owing to the absence of early order crests and disagreement with 
Sferics information. For waveforms originating at such great distances, the time 
relations for the early order reflections require amendment because the first-, 
second- and third-order rays become tangential to the earth for propagation 
distances of approximately 2000, 4000 and 6000 km respectively. More relevant 
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in the present context however is the fact that at distances near and beyond 
these critical limits the respective rays must propagate partially as ground rays 
with correspondingly high attenuation so that it is not surprising to find the early 
orders missing from these waveforms of very distant origin. The Sferics network 
uses a system of triangulation with a baseline restricted by the limits of convenient 
sites and telephonic interconnection to about 500 km. Because of experimental 
error in direction finding the zone of reasonably accurate fixing is restricted to 
2500 km. For storms considerably beyond this range the storm distance estimated 
from Sferics data is of little significance and agreement of estimates is not to be 
expected. Unfortunately specific data whereby this hypothesis might be justified 
was not given by the authors. In view of the indeterminacy of the true reflection 
order for waveforms of short duration (HORNER and CLARKE, 1955) Caton and 
PIERCE’s invalid proviso of peaks corresponding to sky pulses would seem to be 
irrelevant. The importance of their work in the present context lies in the attention 
drawn to those smooth waveforms which do not conform to simple pulse reflection 
theory and which was amongst ‘the provocations to the present investigation. 


Acknowledgements—The author is grateful to Professor L. F. Batss for the provision 
of research facilities in the Physics Department at the University of Nottingham, 
where the above study forms part of a continuing programme of atmospheric 
investigation. 
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Abstract—The H-layer measurements from three stations in South Africa during the solar eclipse of 25 
December 1954 have been analysed from three points of view: (a) all the radiation comes from the visible 
disc, in which case a’, = 1:5 X 10-8 cm sec~!; (b) 15 per cent of the radiation comes from outside the 
disc and a’, = 4 X 10-* cm* sec—!; and (c) the effect of two species of ion with differing recombination 
coefficients. It is shown that to neglect the effect of a more rapidly recombining species of ion may lead 
to an overestimate of the effect of the corona or of the limb-brightening. 


1. INTRODUCTION 


VERTICAL incidence ionospheric measurements were taken at three stations in 
South Africa during the annular solar eclipse of 25 December 1954. Measurements 
at Grahamstown, which was situated in the belt of annularity were made by the 
Department of Physics, Rhodes University and some preliminary results have 
already been published (SzENDREI and McE.LurInny, 1956a,b). Readings at Cape 
Town and Johannesburg were made by the Telecommunications Research Labora- 
tory of the South African Council for Scientific and Industrial Research. The 


circumstances of the eclipse at these three places for a height of 100 km are shown 
in Table 1, where f,,;, represents the unobscured fraction of the visible disc at the 
maximum phase. 

At Grahamstown, readings were taken over thirty control days centring on the 
eclipse day every 15 min from 0500 to 1000 SAST and hourly intervals for the 
rest of the day. For the duration of the eclipse, readings were taken at 2} min 
intervals. Critical frequencies could be read to an accuracy of 0-01 Mc/s, but on 
the eclipse day on a few occasions could only be read to the nearest 0-02 Me/s. 

For Johannesburg and Cape Town, control data were taken from the ‘“‘Monthly 
Bulletin of Ionospheric Characteristics at Johannesburg and Cape Town for 
December 1954,” published by the Telecommunications Research Laboratory. 
Critical frequencies were only given to the nearest 0-1 Mc/s and hourly values only 
were available. Readings covering the 12 day period from 19 to 31 December 
were used as control data. On the eclipse day, readings were taken every minute 
and critical frequencies were read to the nearest 0-01 Mc/s, but on a few occasions 
could only be read to the nearest 0-05 Me/s. 


2. INTERPRETATION OF RESULTS 
From the critical frequency, fy, the maximum electron density N, can be 
calculated from: 
N = 1-24 x 104f,? (1) 


where f, is expressed in Mc/s. 
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The variation of the maximum electron density is expressed by the usual 
ionospheric continuity equation: 
dN as 
-—g—«a 
dt 


where g is the rate of ion production per cm', and «’ is the effective recombination 
coefficient. During an eclipse g must be replaced by fq where f is the residual 
fraction of the solar radiation. 


Table 1. Circumstances of eclipse of 25 December 1954 at 100 km height 





pees Begins : Ends | : 
Station Middle SAST fmin 


Grahamstown 
Lat: 33°19’S 0646 O800 to O807 0935 
Long: 26°31’ E (annular phase) 


Johannesburg 
Lat: 26°10’S 0639 0929 | 0-320 
Long: 28°05’ E 


Cape Town 
Lat: 34°9’S 0647 758 0922 0-204 
Long: 18°19’ E 


SAST = South African Standard Time = UT + 2 hr. 





It is usual as a first approximation to consider the sun to be a uniformly 
radiating dise and so f will represent the uncovered fraction of the visible disc. 
By selecting an appropriate value of «’, g can be calculated from the control data 
and a theoretical curve plotted for the eclipse variation of N by following the 
gradient dN/dt from stage to stage during the eclipse. The resulting theoretical 
curves are rarely satisfactory. The time lag dt between the maximum obscuration 
and the occurrence of the minimum electron density J, is usually small indicating 
a high value of «’. In addition J, is higher than would be expected indicating a 
small value of «’. To explain this so-called V,,—dt anomaly there are three factors 
which might deviate from simple theory during an eclipse. 

In the first place the obscuration factor f may not be equal to the unobscured 
fraction of the visible disc and more radiation may be concentrated in active 
areas on the solar disc. Secondly the effective recombination coefficient may vary 
during the course of the eclipse. Thirdly, some radiation might come from outside 
the visible disc. 


3. THe DIstRIBUTION OF SoLAR [oniIzING RADIATION 


In a previous paper (SzENDREI and McELuINny, 1956b) an attempt was made 
to deduce the distribution of active areas on the solar disc from the measurements 
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at Grahamstown. It was found necessary to postulate the existence of three 
sources, one on the west limb, one on the east limb, and an area situated in the 
north-western part of the disc. The value of «’ chosen was 2 « 10-8 cm? sec~}, 
and as was stated other values of «’ do not materially affect this conclusion. The 
intensity of the sources will vary with different values of «’, and their positions 


Table 2. Grahamstown: variation of intensity of bright areas (percentage of total radiation) 
with «’ (em? sec!) 





10x 10-8 | 15 x 10-8 2 x 10-8 





West limb 
East limb 
Spot 
Dise 





only slightly. It was not possible to say whether the sources were in the northern 
or southern hemisphere, and they were consequently all shown as being in the 
northern hemisphere. Due to an error, the position of the solitary sunspot ob- 
served on 25 December, was plotted in the wrong place. The data from which its 


P oN 





SOURCE 
DISC 
SPOT 

WEST LIMB 

EAST LIMB | / CAPE TOWN 
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< 
Ww 








MOON'S SEMI-DIAMETER =0*926 SUN'S SD. 


JOHANNESBURG 





Ss 


Fig. 1. Solar model—All radiation from visible disc. ---- Observed sunspots associated 
with enhancement in 5303 A. 


position was taken were plotted on heliographic co-ordinates, and since the pole of 
the sun was displaced about 6° east of the north point, its position will approxi- 
mate more closely to that deduced from the ionospheric measurements. 

Table 2 shows how the intensity of the three sources will vary with variation 
in the value of «’ at Grahamstown. 
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Fig. 2. Theoretical curves for solar model in Fig. 1. (A) Grahamstown; (B) Cape Town; 
(C) Johannesburg. 


It is not possible to apply the method of Minnis (1956a) to the three stations to 
deduce a solar model that would be the same for all three stations. However each 
of the five models shown in Table 2 were applied to the readings from Johannes- 
burg and Cape Town to see if any would agree. There is no reason to suppose 
that the value of «’ would be the same at all three stations, although one would 
not expect them to differ appreciably. It was found that the model corresponding 
to «’ = 1:5 x 10-8 cm? sec“ at Grahamstown gave the best fit at Johannesburg 
and Cape Town with the same value of «’ at each place. It is necessary to place 
the east and west limb sources in the southern hemisphere whilst the spot remains 
in the northern hemisphere. The solar model is shown in Fig. 1. The value of «’ 
can only at the best be given as «’ = 1-5 + 0:3 « 10-8 em’ sec-!. Fig. 2 shows 
the theoretical curves for the three stations based on this model. The curves for a 
uniformly radiating disc are also included, and using the value of NV, as the criterion 
for determining «’, the values agree very well with « = 7 « 10-* cm? sec™! at 
Grahamstown and Johannesburg and «’ = 8 x 10-® cm? sec"! at Cape Town. 
At Johannesburg and Cape Town it was found necessary to adjust the values of q¢ 
before and after the eclipse to account for the departure from the mean of the 
control days. This is probably not a real effect, but due to the inadequate control 
data, available at only hourly intervals and to the nearest 0-1 Mc/s. The adjust- 
ments made lie within the standard deviation. 

Since the publication of the previous paper (SZENDREI and McELuinny, 1956b) 
data has become available on the limb intensities of the Coronal Green line 


277 





M. W. McELHINNY 


(Trorrer and Ropers, 1955) about 25 December 1954. A correlation has been found 
between the enhancement of the Coronal Green line (5303 A) and the distribution 
of more intense regions of ionizing radiation on the disc as deduced from iono- 
spheric measurements for example by WALDMEIER (1947) and Minnis (1955). The 
coronal contour diagrams show that no radiation in 5303 A was observed on either 
limb on 25 December. Radiation in 6374 A was observed on both limbs but was 
only faint. The solitary spot was associated with an area of moderate intensity in 
5303 A, and it is possible to suppose that there was a very faint enhancement in 
5303 A just inside the east limb as shown in Fig. 1, close to the east limb source 
postulated. This area showed very bright intensity in 5303 A when observed on 
the west limb 12 days later, but was not observed on the limb the previous 2 days. 
There seems no evidence therefore for the existence of the source on the west limb 
and very little for the east limb source. 


4, VARIATION OF THE RECOMBINATION COEFFICIENT 


Some previous workers (e.g. McLetsH, 1948) have found that the effective 
recombination coefficient changed during the eclipse from a high value at the 
beginning of the eclipse to a low value at the maximum phase. This was accounted 
for on the recombination theory of Massry (1937) and Batss ef al. (1939), where 
it was supposed that the ratio of negative ions to electrons decreased during the 
eclipse causing a change in «’. More recent work by Bates and Massgy (1946, 
1947) has shown that probably dissociative recombination is the main process of 
electron removal in the £-layer. It is well known that solar ultra-violet and 
X-radiation is sufficient to ionize all atmospheric constituents (BATES, 1956), and 
therefore the existence of several species of ion is beyond doubt. BateEs (1951) 
has shown that the diurnal variation of electron density may be completely 
controlled by a more slowly recombining species, and give no indication of a more 
rapidly recombining species. During an eclipse the more rapidly recombining 
species will disappear first, showing a high value of «’ at the beginning of the eclipse 
and a low value determined by the slower species during the maximum phase. 
This might therefore account at least partly for the V,,-dt anomaly. BatTsEs and 
McDoweE tu (1957) have considered this theoretically for the case of a total eclipse. 
Following Bares and McDoweE zt therefore, the sun will be considered a uniformly 
radiating disc, and it will be supposed that there are two species of ion whose 
concentrations are x and y per cm’ at any time. Let q, and q, be their rates of 
production and «, and «, their respective recombination coefficients. On control 
days therefore: 

dx» 


dt 


= 9, — Ugtel¥ 


dy 


dt a! ee ty Yo 


where N = (2%, + Yo) 


dN dzy 
a 


dyy 


and thus dy — N(a,%9 + a,Yo) 
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Three cases have been considered: 


Case (a) «, = «,, and the layer is a single species layer. 


x 
(b) °=4, a =5x 10-%, a, = 10-7 


= l an == 6-2: A, = 10-7 


In the latter two cases, g, and q, can be calculated from the control values of N and 
dN/dt, the assumption being made that dx /dt = dy /dt. Since dN/dt is small, 
this does not materially effect the analysis. Using these values of q¢, and q, deduced 
from control data, the gradients dx/dt and dy/dt can be followed from stage to 
stage during the eclipse, and hence x, y and consequently N can be plotted on a 
theoretical curve using the equations for the eclipse. 


dx 7 
= Sde — %,x"N (6) 


dy 


dt =o Sd, aoe %,yN 


The three cases are shown in Fig. 3 in which the theoretical curves so deduced are 
plotted with those observed for the results from Grahamstown. In case (a) «, = 
a, = 7 < 10~-* was found to give the same minimum JN, as that observed corre- 
sponding to the case of a single species layer. 

In cases (b) and (c), the theoretical curves approach that observed more closely 
but they do not account for the rapid drop in N just after 0717 SAST. Only one 
active area on the sun was present on the eclipse day, associated with a solitary 
sunspot in the north-west part of the disc as shown in Fig. 1. 

The best fit to the observed points was found by supposing that 80 per cent of 
the radiation comes from the visible disc and 20 per cent from the active area. 
This case is shown in Fig. 4. In case (b) the V,,—d¢ anomaly is not sufficiently 
accounted for, and in case (c) whereas the observed points are accounted for before 
and during annularity, the final recovery during the last stages of the eclipse is 
completely controlled by the more slowly recombining species «, = 10~° em? see, 
and does not account for that observed. 

The results show that it is unlikely that the V,,—d¢ anomaly in this eclipse can 
be completely accounted for by the presence of a more rapidly recombining species 
of ion, however it must be pointed out that neglect of this factor may lead to an 
overestimate of other factors such as the distribution of solar radiation on the 
solar disc. 

5. RADIATION FROM OUTSIDE THE VISIBLE D1sc 

One of the most remarkable features of all eclipse measurements (RATCLIFFE, 
1956) is that in practically all cases the minimum electron density, N,,,, occurs 
during the maximum phase of the eclipse, but fails to reach the expected lowest 
value by about 10 or 15 per cent. If the explanation is attributed to the distribu- 
tion of intense regions on the sun it would seem a remarkable coincidence, when 
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one would expect a chance distribution. It seems likely as suggested by Prpp1Ne@- 
TON (1951) and Ratcuirre (1956) that some radiation must come from the corona. 
A solar model is proposed as shown in Fig. 5 in which 15 per cent of the total 
radiation comes from outside the visible disc, which has been extended by about 
0-1 solar diameter at the equator in such a way that the intensity per unit area 
coming from outside the visible disc is the same as the disc itself. In addition 
some allowance must be made for the active area in the north-west quadrant. 


PN 
bs 


\ CAPE TOWN 


GRAHAMSTOWN 
Ww 


MOON'S SEMI-DIAMETER = 0°926 SUNS - 


| JOHANNESBURG 


S 


Fig. 5. Solar model—15 per cent radiation from outside visible disc. 


This model was applied to the three stations as shown in Fig. 6. At Grahams- 
town the best fit is for «’ = 4 x 10-§ em? sec"! if from 5 to 10 per cent comes 
from the spot, whilst equally good agreement can be obtained with «’ = 2 « 10-8 
cm’ sec~! and 15 per cent attributed to the spot. 

At Johannesburg, if from 5 to 10 per cent comes from the spot then «’ = 4 x 
10-§ em? sec! and higher values of «’ would not make much difference to the fit. 
However, at Cape Town if from 5 to 10 per cent comes from the spot «’ = 4 


10-8 em’ sec~!, and higher values of «’ do not give such a good fit. 


6. Discussion 

Minnis (1956a,b) has been able to account for the results from Khartoum and 
Ibadan during the 1952 eclipse, and those from Inverness and Slough during the 
1954 eclipse very satisfactorily on the assumption that no radiation comes from 
outside the visible disc. In the former case «’ was found to be 1-2 + 0-1 x 10-8 
cm® sec-! when 36 per cent came from two active areas. BoNNET, HUNAERTS and 
NicoLteT (1957) in analysing amongst others the results from Khartoum and 
Ibadan, showed that if 15 per cent of the radiation came from outside the visible 
dise and only 11 per cent from two spots on a model similar to that proposed in 
this paper, «’ = 4 x 10-8 cm? sec~!. The two results are similar to that found in 
this paper. 
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Minnis (1956b) has pointed out that the absolute intensity of the uniform disc 
component is about the same for both the 1952 and 1954 eclipses. Using the 
notation of Minnis, the diurnal variation of N may be expressed as: 


dN : eURyS 
Fy = {a0 y — a’ N? (8) 


Rearranging the terms: 


where ¢,) = rate of generation of electron per cm? for an overhead sun. 
y = solar zenith angle 


For a Chapman layer n = 1, but it is usually found that » 4 1, and the appropriate 
value of ” is used as deduced from the diurnal variation on control days. 

Using the noon values of V from the control days at the three stations when 
dN/dt = 0, values of J were deduced from equation (9) and are shown in Table 3 
together with the values of » for each station. 

Taking the mean value of J as 220 « 108 em~-°, 


Jo = 220 a’ xX 108 cm- sec"! 


During the 1952 eclipse at Khartoum gy = 258a’ x 108 em-3 sec}. 

Table 4 shows the Uniform Component of ¢) as deduced from the two eclipses on 
the two models that (A) all the radiation comes from the visible disc, and (B) 15 
per cent comes from outside the visible disc. 
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The agreement for the values of B is better than that for A, but the result is 
not conclusive, since the value of «’ and J for the 1954 eclipse are not as accurate 
as those of Mrynis for the 1952 eclipse. It would be interesting to analyse the 
results from Slough and Inverness for the June 1954 eclipse in terms of a model 
with 15 per cent of the radiation coming from outside the visible disc. 


Table 3. Values of n and J 





Station J (108 em-$) 


Grahamstown 
Cape Town 
Johannesburg 





Table 4. Absolute intensity of uniform component of solar radiation. A: all radiation from 
visible dise. B: 15 per cent radiation from outside visible disc. 





way: A B 
Eclipse _3 ag ~3 = 
(cm sec) (em~’ sec) 


Feb. 1952 2582’ Qs | 916(x’ = 4 x 10-8) 
Dec. 1954 220% Sila’ = 1-5 x 836(x’ = 4 x 10-8) 





Minnis (1955, 1956a) has attempted to correlate the intensity of the west limb 
source of 25 per cent of the total radiation during the 1952 eclipse with changes in J 
several days following the eclipse. If this source was only of a temporary 
importance, there should be a drop in J following the eclipse day when this source 
disappeared behind the disc. The observed drop in J was only 13 per cent. 
Although it is possible that other sources may have in the meanwhile appeared on 
the east limb, it is interesting to note that the analysis of Bonnet, HUNAERTS and 
NICOLET requires only 11 per cent of the radiation to be concentrated on the west 
limb, agreeing well with the observed drop in J. 

According to ALLEN (1948), the intensity 7, of the #-layer ionizing radiation for 
a twelve-month mean sunspot number R is given by 


Tp = 1,(1 + 0-0097R) (10) 


For December 1954 R = 10 and hence J, = 1-097/,. This indicates that the level 
of activity during December 1954 was only about 10 per cent above that cor- 
responding to zero sunspot number, or what might be interpreted as the minimum 
level of solar activity. This does not seem consistent with the solar model with 
only 70 per cent of the radiation emitted uniformly from the disc, but agrees well 
with the model in which 15 per cent comes from outside the visible disc, when only 
5 to 10 per cent need be attributed to a single active area. These factors seem to 
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point in favour of some radiation coming from outside the visible disc and 
consequently the higher value of «’. 

One of the features of the records from Cape Town was the number of “‘critical 
frequencies’ which were observed. On occasions up to six critical frequencies 
could be seen on the h’f record, three of which were from the H-region. These 
cusp-like anomalies have been shown by Munro and HEISLER (1956, 1958) to be 
due to travelling ionospheric disturbances of a wave-like nature producing tilts in 
the ionospheric layers and causing echoes to be returned from directions other than 
the vertical. GLEDHILL (1958) has made a preliminary analysis of the measure- 
ments from Grahamstown and has shown that it is unlikely that reflections during 
the middle of the eclipse are returned from points overhead. Since they would be 
returned from points where the electron density is necessarily higher it seems likely 
that the apparent critical frequency will be higher than the true one. This would 
give the appearance of some radiation coming from outside the visible disc, but 
would indicate that the value of «’ could be as high as 4 x 10-8 em? sec~!, and not 
support the lower values deduced by MINIs. 


7. CONCLUSION 


The H-layer measurements at three stations in South Africa have been analysed 
from three points of view. If all the ionizing radiation comes from the visible disc 
then «’, = 1:5 x 10-8 em’ sec”! gives reasonable agreement with that observed 
with a model in which 70 per cent of the radiation comes uniformly from the disc. 
If 15 per cent comes from outside the disc then «’, = 4 « 10-8 em? sec™! and only 


from 5 to 10 per cent need be attributed to a solitary sunspot. It is very difficult 
to distinguish between the two cases. However there is little if any evidence for 
the existence of the two sources on the limb which have to be postulated if all the 
radiation comes from the visible disc, and this would support the idea that about 
15 per cent of the radiation comes from outside the visible disc. It is pointed out 
that to neglect the presence of a more rapidly recombining species of ion may 
lead to an overestimate of the effect of the corona or of sources on the sun’s limb. 
Finally, it seems possible that the presence of oblique echoes during the middle of 
the eclipse, even in apparently simple h’f records, may give the appearance of 
radiation coming from outside the disc and consequently support the higher value 
of a,’ = 4 x 10-* cm® sec. 
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Geomagnetic activity following large solar flares 


Constance 8. Warwick* and R. T. Hansent 
(Received 6 September 1958) 


Abstract—Superposed epoch analysis of geomagnetic index around day of occurrence of large central 
flares shows a significant increase in geomagnetic activity following flares selected according to: (a) area 
of the flare and (b) “‘importance”’ of the flare. The association does not extend to flares of lesser impor- 
tance, 2. During the period 1950-1954, near sunspot minimum and roughly the same period studied by 
Watson, there was no tendency for geomagnetic disturbance to follow within 2—3 days after the fourteen 
reported class 3 and 3+ flares. 


1. INTRODUCTION 


A stupy by Watson (1957) of geomagnetic activity following geomagnetic solar 
flare effect (s.f.e.) or crochet confirms the results of an earlier study by Van 
SABBEN (1952) and suggests that there is no significant preferred tendency for 
geomagnetic disturbance to follow solar flares. Earlier work by Newron (1943), 
on the other hand, demonstrated a pronounced increase in geomagnetic activity 
about 2 days after major flares, identified as “importance 3*’’. ELLison, in a 
recent note (1958), has re-emphasized NEwrTon’s result, and pointed out that 
Warson, in selecting cases of s.f.e. has not followed Newron’s criterion of major 
centrally located flares. Other investigations (Stmmon, 1956; Dopson and 
HEDEMAN, 1958) have demonstrated the significance of radio-noise association in the 
flare-geomagnetic storm relation. We wish to report here on several studies of the 
geomagnetic effect of solar flares, identified solely on the basis of optical 
observations. 

The superposed-epoch method of analysis was employed to show the run of 
the mean value of the geomagnetic character figure, A,, from 14 days before to 
14 days after the flare day. The effect of autocorrelation of A, for adjoining days 
and days 27 days apart was taken into consideration in determining the statistical 
significance of the maxima in mean A, and in frequency of A, > 30 (Brett and 
GLAZER, 1957). A modified t-test was used to estimate the upper limit of the 
probability that a value as high or higher than the observed maximum would 
occur by chance for one or more of the twenty-nine values, by treating them as 
independent. We believe that these values are conservative, especially for 
mean A.,. 

2. FLARES SELECTED ACCORDING TO AREA 


For the first study, zero days were defined by the occurrence of flares with 
area greater than six-hundred millionths of the solar hemisphere, reported by the 
High Altitude Observatory (13 February 1950 to 13 February 1951) or by the 
Sacramento Peak Observatory (28 February 1951 to 11 April 1958). The list was 
limited to flares within 45° of the central meridian and areas were not corrected 
for foreshortening. No other criterion, other than flare areas, measured from 
H« filtergrams, entered into the selection. In Fig. 1, we see that there was a 





* National Bureau of Standards, Boulder, Colorado, U.S.A. 
+ High Altitude Observatory, Boulder, Colorado, U.S.A. 
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Fig. 1. Mean value of A, (below) and frequency of values of A, > 30 (above), about day of 
occurrence of flare of area 600 x 10-°, thirty-four cases, 1950-1957. 
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substantial increase in the mean value of the magnetic index on the third day 
following these thirty-four flares. In Fig. 1 is also plotted the “frequency of 
occurrence” of A, values >30 (roughly the lower limit of a definite magnetic 
storm) for each of the 14 days before and after the flare. Again, on the third day 
after the flare, there is an increase in the frequency of daily magnetic indices >30. 


3. FLARES SELECTED ACCORDING TO OPTICAL “IMPORTANCE” 


For the second part of our study, the flare data were taken from the [AU 
Quarterly Bulletin of Solar Activity (1940-June 1956) and the NBS-CRPL 
F-Series Bulletins, Part B, (July 1956—-October 1957). Because reports of flare 
importance by the various observatories do not always agree, we arbitrarily 
accepted the greatest importance reported by any station. We thus compiled a 
list of ‘Importance 3” flares within 45° of the central meridian. Days with more 
than one such flare entered the analysis twice. 

The list was divided into three time periods: Jan. 1940—Feb. 1950, Mar. 
1950—Dec. 1954, and Jan. 1955—Oct. 1957. There were no entries (that is, no 
“importance 3” flares) during the years 1953 and 1954. The superposed epoch 
plots for each period are seen in Figs. 2, 3 and 4, respectively. For the first and 
third periods, we see again high values both of mean A,, and of frequency of 
A, > 30, and of A, >80 on the second or third days after the flare. The 
unexpected maximum at day + 12 for the second period (Fig. 3)seemstobe caused by 
a coincidence between “importance 3” flares and geomagnetic disturbance, each 
event showing strong 27-day recurrence. Eight of the fourteen cases fit into this 
recurrence pattern. The period 1950-1954 falls near minimum of the solar activity 
cycle, when recurrent M-region storms dominate geomagnetic activity. The 
geomagnetic effect following flares selected by area in the period 1950-1957 
(Fig. 1) is more significant and larger than that found for flares selected by 
“importance” during the same period (Figs. 3 and 4). 

The period Jan. 1940-21 Feb. 1950, covered by the study shown in Fig. 2, 
coincides with the period for which Newton (1943) and Newron and Jackson 
(1951) published lists of intensity 3 and 3+ flares. For comparison with our 
study, we present in Fig. 5 the values of mean A,, and of frequency of A, > 30 
and of A, > 80, for central flares from these lists. We note here that Newron’s 
and Newton and Jackson’s lists represent a critical selection from among the 
various optical observations, so that many of the flares on our list do not appear on 
theirs. They also took into consideration other aspects of the flare, such as geo- 
magnetic crochet, radio communication fadeout, and radio burst. Furthermore, 
some of the events on NEWTON and JAcKson’s list (1951) of 3 and 3+ flares were 
not observed optically, but were deduced from the flare-associated terrestrial 
effects. Such events do not appear on our list. Three of the twenty-two flares 
given by Newton or NewTon and JACKSON were not on our list; sixty of the 
seventy-nine flares in our study were not on their lists. 


4. IMPORTANCE ‘‘2”’ FLARES 


Next we took from the [AU Quarterly Bulletins the dates of all central flares 
reported as “importance 2”, in the interval Jan. 1940—July 1956. The greatest 
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Fig. 2. Mean value of A, (below) and frequency of values of A, > 30 and of A, > 80 (above) 
about day of occurrence of central flare of “importance 3” or “‘3+-”’. Seventy-nine cases 
1940-1950. 





Geomagnetic activity following large solar flares 


FREQUENCY 








RELATIVE 











| 
| 
| 
| 
| 
| 


“4 0 , '2 pays 


| | 
1 it 








DAY OF OCCURRENCE 
Fig. 3. Mean value of A, (below) and frequency of values of A, > 30 and of A, > 80 (above) 


about day of occurrence of central flare of ‘importance 3” or ‘3+. Fourteen cases, 
1950-1952. 
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Fig. 4. Mean value of A, (below) and frequency of values of A, > 30 and of A, > 80 (above) 
about day of occurrence of central flare of “importance 3” or “3+”. Fifty-five cases, 
1955-1957. 
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Fig. 5. Mean value of A, (left) and frequency of values of A, > 30 and of A, > 80 (right) 
about day of occurrence of central flare of “importance 3” or “*3+-”’ selected by NEwrTon. 
Twenty-two cases, 1940-1950. 
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Fig. 6. Mean value of A, (below) and of frequency of A, > 30 (above) about day of occur- 
rence of central flare of ‘importance 2”’ (no flare of “‘importance 3” or ‘‘3-++”’ on same day). 
Six-hundred and twenty cases, 1942—1956. 





importance given by any observatory was used and the date was excluded if an 
“importance 3” flare was listed for the same date. In Fig. 6, we see that the 
association between geomagnetic storminess and solar flares is largely lost for the 
620 flares of lesser importance. 


5. CONCLUSIONS 

From these brief studies we conclude that: 

(1) There is a definite tendency for geomagnetic disturbance to follow the 
largest solar flares, at least near the time of maximum of the sunspot cycle. 

(2) The flare area (in our study uncorrected for fore-shortening), is probably a 
more reliable index of the likelihood of subsequent geomagnetic disturbance than 
the flare ‘importance’. 

(3) The period 1950-1954, nearly the same period as studied by Watson (1951), 
is remarkable in not showing geomagnetic disturbance following 2 or 3 days after 
reported class 3 and 3+ flares. It seems possible that WaTSON’s negative result is 
due to his choice of years of low solar activity for his study. It is also possible that 
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during periods of relatively little solar activity, observers have tended to over- 
estimate the optical ‘‘importance”’ of the larger flares. 
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On the origin of terrestrial particles from solar flares 


W. H. Warp 
Dominion Physical Laboratory, Department of Scientific and 
Industrial Research, Lower Hutt, New Zealand 


(Received 19 September 1958) 


Abstract—A mechanism which might lead to ejection of charged particles from the sun is suggested. It 
arises from the local cancellation of the magnetic field of a pair of sunspots by a general field. 

LET us consider a pair of sunspots, of opposite magnetic polarity. The magnetic 
circuit will be closed by a loop external to the sun’s surface, and round that field 
charged particles will circulate as a torus. 

Let us now assume that the two sunspots are in an area of the sun that has a 
general magnetic field with a component along the line joining the spots. We need 
not assume a dipole field for the sun—the general field can come from the summation 
of local fields. 


Local field of sunspot, ———- ——— general field and — — — sum of local 
and general fields; —-——— difference of local and general fields. 


Fig. 1 shows the mutual effect of the two fields. If the general field adds to the 
sunspot field, the torus will be compressed towards the sun’s surface; if the two 
fields are opposed, the torus will be elongated. If the two opposing fields are of 
the same order of magnitude, and one varies relative to the other, the elongated 
torus will pulsate in and out. TELLER (1954) has dealt with the energies and 
motions of particles in the corona: ‘In this region the energy density due to the 
magnetic field is apt to be considerably greater than the energy density present 
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as hydrodynamic energy and thermal energy per unit volume carried by the 
material. Similarly, the Maxwell tensions due to the magnetic field are greater 
than the material pressures which would be available to drive a purely hydro- 
dynamic motion. Numerically, for a field of 1000 G the magnetic energy density 
and the Maxwell stress will be H?/87 = 4 x 104 erg-em-*. Assuming a high 
velocity of 108 cm-sec-! and a density of 108 protons and electrons per cm*, one 
obtains a kinetic energy of only 0-8 erg-em~3. In order to estimate the thermal 
energy content and the pressure we assume a temperature 7’ = 10°°K. Such high 
temperatures are by no means unusual in the corona. With the same particle 
density as above one finds for the energy density 0-04 erg-cm~? and for the pressure 
0-027 erg-cm~? = 2:7 x 10-8 atm. Under these conditions the motion of the 
ionized material is almost completely determined by the magnetic lines of force.” 
As the magnetic field moves from the closed path of the torus to the open path 
of the normal, the tenuous material of the corona will be swept along with it, 
and will end by being aimed at open space. That is, an ejection mechanism has 
been established. If the two fields cancel each other, the magnetic field of the 
sunspot may become effectively normal to the surface, even if only at a single 
height in the corona. KIEPENHEUER (1953) has published photographs that seem 
to be consistent with this mechanism. 

The charged particles of the torus may have a high velocity. FErmr (1949). 
As they continue to travel out from the sun’s surface some may be released from 
the magnetic field, through de-ionization or some other cause. Most of the particles 
that are released will no doubt fall back into the sun, colliding and raising the 
temperature as they go, but some may happen to be directed outwards, and may 
not lose their original velocity on being released from the magnetic field. 

The particles which are not released will travel in a helix round a magnetic 
field which links one sunspot with some magnetic discontinuity other than the 
second sunspot. This may be the earth, in which case the particles will be directed 
to it. Their total velocity will be the same as that of the particles that are now free, 
but most of it will be taken up in circulation round the magnetic field; the forward 
velocity will correspond with the pitch of the helix. 


p/r = 2nv/V 


where p and ¢ are the pitch and radius of the helix, V and v are the total and forward 
velocities. 

ELLison (1957) gives for the flare of 23 February 1956 a velocity of c/3 for the 
velocity of “cosmic ray protons” and of 900 km/sec for ‘“‘magnetic storm particles 
(protons and electrons).”’ If the cosmic ray particles are neutral in transit between 
the sun and earth, or have been released from guidance by a magnetic field, we 
may take their velocity as giving the total velocity of the guided particles, and: 


p/r = (27 . 900)/10® = 27/100 


In support of this elementary picture DENISSE (1952) may be quoted as showing 
that sunspots which emit geomagnetic corpuscles also emit radio noise storms, 
and Wixp and Zrrin (1956) and others, that spots which emit radio noise storms 
are associated with active looped prominences. Wrtp and ZrRIN claim that the 
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corpuscular streams are emitted when the prominences first move outwards and 
that the stream velocity greatly exceeds that of visible matter; this is believed to 
have a velocity of about 1000 km/sec in the direction of the earth. Wup et al. 
(1954) have shown that particles can leave the surface at a considerable angle to 
the vertical. Also Piagort and ALLEN (1957) claim that there are no clear examples 
of the initial acceleration of the corpuscles in the sun, but frequent cases of decelera- 
tion. This is what one would expect if the particles were initially accelerated round 
the torus, but were decelerated after a cataclysmic change in the field which 


sustained them. 
If it is a sound assumption that the magnetic field of a sunspot can “latch on” 


to the earth’s field, it is to be expected that some (perhaps vanishingly small) 
change in the earth’s magnetic field will occur at precisely the same time as the 
arrival of a radio noise storm. 
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Some possible effects caused by strong gyro-waves in the ionosphere—I 


V. A. BatLey 
The University of Sydney, Sydney, Australia 


Abstract—The possible increases of collision frequencies v and electron densities n caused by a powerful 
extraordinary circular gyro-wave in the nocturnal lower H-region and in the day-time D-region are 
investigated on the basis of available laboratory experiments on electrons in air and data concerning 
these regions. The resultant effects of such increases on this wave and on other waves are then examined. 
It is found that some of these effects are remarkable in magnitude or in kind. Thus, notable self-dis- 
tortion of gyro-waves and extremely large wave-interaction can be caused by such an extraordinary 
wave when the reduced equivalent electric force Z/p which it produces in the nocturnal lower H-region 
has the value 2-5 V/em per mm Hg measured at room temperature. 

Other possible detectable effects which may be caused at night when Z/p has a value between 2-5 and 
8 include changes in the airglow and in parts of some trails of meteors and fast particles of solar or cosmic 
origin, changes in radar echoes from such trails and transient changes in the local magnetic elements. 


1. INTRODUCTION 


Ir has been shown previously (BAILEY, 1937b, 1938) that an extraordinary 
circularly polarized gyro-wave radiated vertically from an orthogonal pair of 
horizontal dipoles suspended at a height 4/4 above the ground could cause observ- 
able wave-interaction when its power is as low as 50 W. This prediction was, in 
effect, confirmed by subsequent experiments in Italy (CuToxo et al., 1946) and in 
Australia (BAtLEy ef al., 1952). 

It was also shown (BaILey, 1938) that when radiated vertically from an array 


of 400 similar pairs of orthogonal dipoles but with 500 kW of radiated power, such a 
gyro-wave could produce in the lower H-region a glow discharge which is “about 


99 


fifty times as bright as the night sky on a moonless night.’ This prediction has not 
y g 3 g I 


yet been tested. 

With aerial arrays and radiated powers in between the extreme examples 
mentioned above it is possible for the gyro-waves to cause observable phenomena 
of other kinds (BAtm£EyY and GOLDSTEIN, 1958). 

It is therefore proposed to develop here an approximate theory of the effect 
of a strong extraordinary circular gyro-wave on the rates of attachment and 
recombination of electrons at different levels of the ionosphere and of the con- 
sequent changes in the electron densities at these levels. The resultant effects of 
such changes combined with accompanying changes in the collision frequencies, on 
other waves (including probing or “‘wanted’’ waves) will then be estimated. Other 
interesting possible effects will also be considered. 

In outline the discussion will proceed as follows. 

From the experiments on electrons in air carried out in Sydney (BarLey, 1925) 
and Oxford (TowNSEND and Tizarp, 1913) Table 1 is drawn up which gives the 
values of V the mean electron energy and b/p the reduced frequency of electron 
attachment for values of the reduced electric force Z/p in the range 0-5—2-5 V/em 
per mm Hg. Reasons are given for provisionally applying these results to the air in 
the H- and D-regions. 

From the table it is found that the linear relation (2.3) between b/p and Z/p 
holds in the given range of values of Z/p. In the absence of other reliable data this 
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relation is provisionally extrapolated to Z/p = 0. But the mathematical theory 
given later is independent of both (2.3) and its extrapolation. 

The values or orders of magnitude of the required parameters relating to the 
level of the nocturnal ionosphere at 92 km are then estimated from available 
literature; the reasons for neglecting certain other parameters are also given. 

Next the equivalent constant field of a circularly polarized gyro-wave of 


amplitude-F is defined. 

The equations for the densities of the electrons and ions when Z/p < 2-5 are 
considered in Section (4) and from them are derived appropriate approximate 
expressions for the densities n*, n of the positive ions and electrons as functions of 
the time ¢ and of the initial densities, and also for the densities in the steady state. 

Expressions are then deduced for the time ¢, during which the electron density 
nm varies linearly with time and the time ¢, after which » approaches within 5 per 
cent of its ultimate value. 

The temporal variation of » after a long gyro-wave pulse is applied is deter- 
mined in Section (6). It is found that initially the electron density increases at the 
rate of 100(6, — b,) per cent per second during the time ¢,, = 0-1/(b, + c), where 
b, is the value of 6 corresponding to the force Z, and that after the time ¢,,, given 
below by equation (6.10), it approaches within 5 per cent of the ultimate density. 
The latter exceeds the initial density by 100(b, — 6,)/(6, + ¢) per cent. 

Thus, during the time ¢,, for every 100 electrons the rate of attachment drops 
from 100b, to 100b, without appreciable compensating changes in the rates of 
change of the electron density through the processes of detachment, recombination 
or generation; this result is what might be expected from the fact that the change 
in the rate of attachment is much larger than the change in the rates of the other 
processes. 

The consequences of the large changes in the collision frequency and the electron 
density caused in the nocturnal #-region by the gyro-wave are examined in Section 
(7). These include the effects produced on the gyro-wave’s own attenuation and on 
the transverse propagation through the affected region of an ordinary wave of 
frequency 590 ke/s, under conditions like those current at Armidale. 

Other effects which may be produced in the nocturnal £-region when Z/p has a 
value between 2-5 and 8 are then listed and discussed briefly. 

The possible effects on wave-propagation and wave-interaction in the D-region, 
caused by the same extraordinary gyro-wave, are considered in Section (8). 


The main results of the investigation are then summarized in Section (9). 


2. NoTATION AND Some Data 


We shall here use as much as possible the well-established concepts and notation 
of TownsEND and his collaborators. These are also given in the book by HEALEY 
and REeEp (1940). 

p = gas pressure (mm Hg). 
= gas temperature (°K). 
= electric force (V/cm). 
= electron drift velocity (cm/sec). 
; = TOWNSEND’s factor (electron temperature = kT’). 
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V = mean energy of an electron (eV). 
ny = mean energy lost by an electron at a collision = AV. 
u% =r.m.s. random velocity of an electron (cm/sec). 
mean free path of an electron (cm). 
collision frequency per second of an electron. 
- TOWNSEND’s coefficient of ionization by collisions of electrons. 
the coefficient of attachment of electrons. 
«,W, the ionization frequency per second of an electron. 
= BW, the attachment frequency per second per electron. 
- rate of detachment of electrons per second from negative ions. 
- coefficients of recombination of electrons and negative ions, 
respectively, with positive ions. 
= rate of generation of electrons per cm? per sec. 
attachment cross-section (cm?). 
= probability of attachment of an electron at a collision. 
-number densities of electrons, negative ions, positive ions and 
neutral particles respectively. 


The relations between some of our symbols and those of Massry and his 
collaborators are for convenience set out in the following table. 





BAILEY | 8 c 
Massey et al. yn Kn+p 4@, 





The values of a/p, b/p and h are obtained from the experimentally observed 
values of « /p, 6/p and W by means of the formulae: 
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For electrons in dry air at 288°K the observed values of k, 6/p and W corre- 
sponding to different values of the “reduced force” Z/p are set out in the Table 1. 
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The values of k and £/p are those found by Batny (1925) and the values of 
W are those found by TownsEeND and Tizarp (1913). These values of k and W 
were later substantially confirmed by Crompton, Huxtey and Sutton (1953) 
and NreLson and BrapBury (1937) respectively. 

The corresponding derived values of V the electron mean energy (eV) and of 
b/p the reduced attachment frequency, are given in the fifth and sixth columns of 
the table. V is calculated from the formula 


V =k/27 


since the mean energy of a molecule at 288°K is 3; eV. 

With regard to the tabulated values of 6/p the following confirmatory evidence 
may be mentioned. 

In Figs. 121 and 119B of his book, Lors (1939) gives curves which represent 
the experimental values of respectively h and the “mobility” k, = W/760(Z/p) 
for electrons in air obtained by BrRapBuRyY (1937). The corresponding results of 
BatLey and of TowNsEND and T1zARD respectively are also given there by means 
of dashed curves. 

Fig. 119B shows that BrapBuRY’s values of W are about 40 per cent higher 
than those of TownsEND and Tizarp. Since the latter are in good agreement with 
the values of NreLsen and BrapBury (1937) it follows from equation (2.2) that 
BRADBURY’s values of # in Fig. 121 must be reduced by the factor 1-96. When 
this is done the resulting curve is much closer to the curve which represents BAILEY 
values of h, although still above it by about 50 per cent. 

Loxp’s criticism that BatLey’s work was vitiated by impurities in his samples 
of gas is nullified by the fact that such impurities would place his curve above 
BRADBURY’s, which we have just seen is not the case. 

We may therefore conclude that the values of 6/p given in Table 1 are sub- 
stantially correct for air at 288°K and pressures down to 5 mm Hg. 

In both investigations it was found that h depends on Z/p alone, i.e. h is 
independent of the air pressure down to about 5mm Hg. Hence (/p is a function 
of Z/p alone. In the absence of reliable contrary evidence we may provisionally 
assume that this conclusion is applicable also when the air pressure is of the order 
of 2 x 10-* mm as in the #-region or 4 « 10-* as in the D-region. 

The more recent results of Hkratey and KirRKPATRICK (1941) and others, on 
attachment in oxygen, are roughly consistent with these results on attachment in 
air. 

The surprisingly low value of the attachment cross-section @, in oxygen 
obtained by Bronpti (1951) need not be considered here, for in a recent private com- 
munication Dr. Bronp1 states that as a result of further studies in his laboratory 
he now regards this low value as erroneous. 

If the data in Table 1 are used to plot the points (Z/p, b/p) these are found to lie, 
within the limits of experimental error, on the straight line 


b 
p 


Z 
= 3300 — 1100— (2.3) 
Pp 
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in the range 
0:5 < Zlp < 2-5 
On certain theoretical grounds it is possible that b/p increases as the value of 
Z/p decreases below 0-5. So, if by/p is the value of b/p when Z/p = 0, we would 
then have by/p> 2750. In the absence of other reliable data we shall therefore 


not err much in taking 
by/p = 3300 (2.4) 


which is a result of adopting the hypothesis that at 288°K the linear relation (2.3) 
may be extrapolated to Z/p = 0. We may then add the values given in the last 
row of Table 1. 

In accordance with the results of numerous experiments on radio wave inter- 
action and the views of many geophysicists it will be assumed here that the gas 
at the 92 km and 75 km levels is substantially the same as the air near the ground. 

Since the temperatures 7”, 7” of the ionospheric regions near these levels 
(which we shall study) are both about 200°K it is now necessary to consider how 
to derive the appropriate values of the parameters required from their known 
values at the pressure p and temperature 7’ = 288°K. 

It is shown in the Appendix | that from the experiments of HALL (1955) and 
certain simple considerations we may infer the following approximate laws or 
rules of derivation when the force Z and molecular density n° have fixed values, 
i.e. with p’/T’ = p/T. 

When the mean energy of an electron is much greater than the mean energy 
V, of a molecule of the surrounding gas, i.e. V S>.Vo, and the electric force Z has a 
fixed value then, at the pressure p’ and temperature 7” of the gas the quantities 
V', W’', 9, h’, T’v'/p', T’p’ |p’, T’b' |p’, Tay’ |p’, T’a' |p’, T’k’ are the same functions 
of the quantity T’Z/p’ as the respective functions which relate the quantities: 
V, Wi, h, Tr/p, TB/p, Tb/p, Tx7/p, Ta/p, Tk to the quantity T'Z/p. 

On applying these rules to determine the values of Z and 6 at the 92 km level 
which correspond to the data in Table 1 on Z/p and b/p, we obtain the following 
results: From the ARDC Model Atmosphere of MrnzNER and Ripiey (1956) we 
have at 92 km: 

p = 1-2 x 10-* mm, 7" = 200K, 
hence g=li xi when T = 238°K 
and so, for Z/p > 0-5 

Z=1:7 x 10-*Z/p, b= 1-7 x 10-%/p 


The values of Z and b so calculated for air at the 92 km level are given in the 
seventh and eighth columns of Table 1. The corresponding values of ¢, = 1/b the 
time constant of attachment are given in the ninth column. 

We thus see that when the value of Z lies between 0-85 and 4:25 mV/cm the 
electron density n at this level changes through attachment alone by less than 1 per 
cent in 2 msec. 

From the rules we also deduce that the corresponding mean electron energies V 
at the 92 km level are the same as those given in the fifth column of the table. 
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The value of b’,/p’, corresponding to Z/p’ = 0, at the temperature 200°K 
cannot be determined by the rules of derivation given above, for we now have 
V =V,. Since the mean energy at a collision is now 0-7 of that of a thermal 
electron in the laboratory experiments we have at present no alternative to the use 
of extrapolation. One procedure is to plot the points (V, b/p) and extrapolate to 
V =0-7V, by means of the resulting curve. Such an extrapolation, consistent 
with the extrapolation of equation (2.3), yields values of by/p not greatly different 
from the value 3300 found earlier. We shall therefore assume that b, is independent 


»Q0O 


of Vo, i.e. of 7’, in the range 200—288°K. Since p/7' is constant we may therefore set 
Tby/p =C (a constant) 
and so when 7’ = 288° we have by equation (2.4) 
3300 = C/288 
From these results and equation (2.3) we obtain 
Tb 
p 


a) foe 2.5) 


where 
C = 0.95 « 108 (2.6) 


On applying our rules of derivation to equation (2.5) under the condition 
Z/p > 0-5 we obtain: 


oO T'Z 


= C — 1100 — 
Pp Pp 
when 


T'Z|p' > 144 
So at the 92 km and 75 km levels we have 
b = 4750p’ — 1100Z 2.8) 


in which, for convenience, we have dropped the prime from 0’. 

We note for future reference that, on account of equation (2.8), b, — b is 
independent of the pressure of the region concerned. 

It may now be noted that in recent years Bates and Massey (1951) have 
expressed the view (in effect) that for p< 1mm Hg by/p diminishes with p in such 
a way that at the 92 km level it has a value which is thirty times smaller than ours. 
Their preferred estimates of by in the ionosphere are, in their own view, not reliable; 
moreover, these estimates were found by them to be quite irreconcilable with 
CHAPMAN’s estimates of the conductivity required in the dynamo theory of 
magnetic variations. On the other hand our assumption that b)/p is independent of 
p leads to values of b, at 92 km which are less difficult to reconcile with CHAPMAN’s 
estimates. 

Other of their arguments (given elsewhere) against the importance of the 
process of electron-attachment in the H-region are based on the existence of per- 
sistent meteor trails and of a persistent nocturnal ionization in the E-region. 
Concerning the first we need only note MILLMAN’s (1952) remarks, that the basic 
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ionization in these meteor trails is “formed in an atmosphere containing an 
appreciable percentage of meteor atoms” and probably occurs “‘in a volume filled 
with heat energy at least 10* times as great as the energy of ionization,’’ to see that no 
conclusions can be drawn from persistent trails about attachment in regions outside 
the trails. Concerning the second argument we should note that it was based on an 
assumption, that soon after sunset ¢ = 0, which is now regarded as erroneous by 
Kaiser, Nicotetr and Dustin (Kaiser, 1955). 

Values of c, the nocturnal rate of detachment of electrons, are not known. 
The experiments of BAmLEY.(1925) on electrons in air at 288°K indicated that when 
Z/p < 2-5 detachment was quite undetectable; we may expect detachment to be 
even less in magnitude at 200°K. Consequently we shall here assume that: 


c<b (2.9) 

With regard to the coefficients of recombination we shall here assume limiting 
values near those indicated by Batss (1952) and Massey (1950), namely: 

1? ca 1 (2.10) 

&.x 16° <4,< 8 x10" 2.11) 


The Australian and Italian experiments on gyro-interaction (BAILEy ef al., 
1952; Curoxo et al., 1946; CuToLo, 1950) indicate definitely that the influence of 
ions in the ionospheric regions concerned is quite negligible. Hence we may set 


n+<6 X 10!n 
Also the experimental conditions of gyro-interaction and the related theory 


combine to show that at the 92 km level soon after midnight the electron density 
n is of the order of 100 electrons/em*. We thus have 


n = 100, n+<6 x 108 2.12) 

It follows from equations (2.12) and (2.10) that an+< 0-6. Hence, by Table 1: 

ann? << bn 2.13) 

i.e. the rate of electron recombination at the 92 km level after midnight is negligible 
compared with the rate of electron attachment. 

The nocturnal values of q, the rate of generation of electrons/cm* per sec, 

considered as likely to exist in the main H-region (under the continual action of 


numerous meteors) by Kaiser, NicoteT and Dupin (Katser, 1955), range from 
2 x 10-* to 20. For the 92 km level we may therefore assume that 


q <20 2.14) 
Hence, by equation (2.12) and Table 1 
q< bn (2.15) 


The value of the mean collision frequency v, of an electron at the 92 km level 
will be assumed to lie in the range (Nicoet, 1952): 


3x 10°<» <7 x 10 (2.16) 


— 
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Summarizing our conclusions, we may say that for the 92 km level the degrees 
of certitude of our knowledge are as follows: The nature of the gas and its pressure 
p and temperature 7’ are known approximately; the orders of magnitude of 
b, x, %;, » and v, are assumed known, but only upper limits can be assigned to the 
values of c, n+, n- and q. 

Because of the apparent indefiniteness of this foundation to the theory given 
below we should mention here that several of the main conclusions turn out to be 
independent of the actual values of c, n+, n~ and q, and largely independent of the 
values of « and «,;. 

Since we shall be considering mainly phenomena which last less than 2 sec we 
shall neglect mass motions of the air. Also any contributions to the ionization at 
the 92 km and 75 km levels by ambipolar diffusion from and to other levels, will be 
regarded as included in the quantity g. We shall here also neglect the effects due 
to any constant or slowly varying electric fields X which may be present. In 
a more rigorous theory the effects of the earth’s magnetic field H and of the electric 
fields X, on the diffusion, drift velocities, electron temperatures and the coefficients 
of attachment and electron recombination, should be taken into account, but this 
task will not be undertaken here. 


3. EquivaLent Fretp Z or A CIRCULARLY POLARIZED GYRO-WAVE 
witH Rotatine ExLectric VEcToR E 

We define the equivalent field of a wave as that constant field Z which, in the 
steady state, does the same mean work @ per collision of an electron in the medium 
as is done by the wave field over a period 27/o. 

In Appendix 2 it is shown how to derive expressions for @ for the extraordinary 
and ordinary polarized modes, of angular frequency w, from the formula (21) of an 
earlier publication (BAILEY, 1937a). By equating these expressions to the expression 
for the mean work per collision done by a constant field Z, namely: 


W = (e?/m)Z*/v? (3.1) 


the formulae (A2.8) and (A2.9) for the equivalent fields are obtained. For an 
exact gyro-wave we have 
o=Q 


and then for propagation in a direction inclined at an angle 6 to the terrestrial 
magnetic field these formulae yield: 


2 tan? 46 tan! 16 ) 
1 + Q?/y2 © 1 + 407/y2 


(3.3) 





2 cot? 40 cot! 46 ) 
1+ Op? 14 4Qepe? 


Z, = E sin? 30. (1 + 


for the equivalent fields of the extraordinary and ordinary modes respectively. 
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When the wave is propagated along the magnetic field we have 0 = 0 and so 
Z, =. This result has been given as a theorem in an earlier publication (BAILEY 
1938, Appendix 1). 


When |a}<45° and wv <M? (3.4) 


we have the approximation: 
Z, = E cos* 36 (3.5) 


At Armidale, where experiments on gyro-interaction are current, we have 
6 = 30° and so Z, = 0-933 EH. Also Q = 10’ and, when £ is small, »y = v5 = 5 x 
10° at the 92 km level. Hence we then have »?/Q? = 2-5 x 10-3. But when 
E = 1-82 mV/cem the approximation (3.5) yields Z, = 1-7 which, by Table 1, 
yields k = 15-2 for electrons at this level. Then the collision frequency rises to 
4/(15:2) x 5 x 10° approximately and so »? Q? rises to 3-8 x 10-7. But since 
tan? 49 = 0-072 the exact formula (3.2) yields a value of Z, only 0-26 per cent 
higher than the approximate one (3.5). Thus equation (3.5) can here be safely used 
for much higher values of E. 

The equivalent field for the corresponding ordinary mode is found from equa- 
tion (3.3) to be Z,=0-073H when £ is so small that » =»). Also when » rises 
to 4/(15-2)r5 under the influence of a wave like that just considered with HE = 1-82, 
then equation (3.3) yields Z, = 0-131 #. Hence the effects due to an ordinary 
gyro-wave are always negligible compared with those due to an extraordinary 
one of the same amplitude. 


4. THE EQUATIONS FOR THE DENSITIES WHEN Z/p < 2:5 


Under the influence of a gyro-wave with equivalent constant force Z the funda- 
mental equations are: 


Dn = (a — b)n + cen- — annt + q (4.1) 
Dn- = bn — cn- — an-nt (4.2) 
at =" + n- (4.3) 
where D=d/dt 


and a is the ionization frequency of an electron per second. 

We shall here limit the discussion to waves for which Z/p < 2-5 when a is 
negligible compared with b. Accordingly, we shall take a = 0 in the following 
mathematical theory. Stronger waves for which a > 0 will be studied in Part 2. 

When necessary, the fact that the quantities b and « are functions of Z will be 
indicated by writing them as b, and «, respectively. Since the thermal energies of 
the ions are not appreciably changed by the wave field, on account of the large 
masses and high frequency involved, we shall take the quantities c and «; as 
independent of Z. 

These equations are not exact, since they neglect several factors, including the 
non-uniformity of the gas and the densities, but we shall for simplicity follow the 
usual practice of neglecting these factors when only limited regions of the iono- 
sphere are being considered. 
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Also, on account of uncertainties about the magnitudes of some of the constants 
involved we shall delay making further approximations as long as possible. This 
precaution unavoidably lengthens the discussion. 

From equation (4.1) with a = 0 and equation (4.3) we have: 


Dn = —(b + c)n + cn* — annt + q 


and by addition of equations (4.1) and (4.2) and use of equation (4.3): 


Dn* = —nt(on + ant) + q 
where o=—a—4a@, 
The initial conditions are n = NV, n+ = Nt, t = 
In general it is not easy to obtain solutions of the system (4.4) and (4.5) in 
finite terms. So we shall begin by obtaining solutions for x and n+ as power series 
in the time ¢ by setting in these equations: 


n=A,+A,t4+A,f?+... | 
(4.7) 


n+ = B, + Bit Btt+... 


and equating to zero the coefficients of ¢°, t!, ete., in each of them. This yields the 
following relations: 


A, =q —(b + ¢)Ay + cBy — «AgBy 
(4.8) 


2A, = —(b+c)A, + cB, — «(A,B, + A,B,) 


B, =4q — B,(oAg + 4,;Bo) 
(4.9) 
2B, = —o(B,A, + B Ay) — 20;B,B, 


Also from the initial conditions we obtain 
iu ae (4.10) 
If a steady state exists, then Dn = 0, Dn* = 0 and so the equations (4.4) and (4.5) yield 
the following equations for the steady densities Ay, Bo: 
—(6 + c)Ay + cB, —_ 2A B, +q=0 


—B,(cA, +a,By) +q =0 
It will be noted from equations (4.8) and (4.9) that the two conditions: 
A, =90, A, =0 


taken together imply that the steady state exists, for they yield equation (4.11). Hence, if n 
is constant over a sufficiently long period of time (which, by equation (4.21) below, may be as 
low as 1/4/[gu,;]) we may conclude that the steady state is approximated. 

On eliminating A 9 between the equations (4.11) we obtain the following cubic in By: 


2,2B,3 + (ab + ac) B,? _ a9qB, —(b+c)q=0 (4.12) 
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This equation has only one positive root, so only one steady state can exist. In order to 
find a simple approximation to this positive root we may proceed as follows: 

When « = «,; the positive root of equation (4.12) is By, where 

eo sanl —- 
Bou = V (qe; 

When « ~ «; we may use Newtonian iteration to obtain higher approximations with Bo, 
taken as the first approximation. Thus we obtain the next approximation for the ion density 
in the steady state: 

(x — a){q + ev (qui )} 
: : (4.13) 


B sa qu; 1) — .) 
eh VN Soa Sa © fk = vie 


Then, from equation (4.11) we obtain for A, the value 


= (4.14) 
b+c+aB,y 


In the general state the infinite series (4.7) for the densities allow us to study the 
initial effects of a strong wave on the electron density and thus to obtain the 
relevant equations (6.12) and (6.19) in Section (6). But these infinite series are 
difficult to use for determining the ultimate effects of this wave. Consequently it is 
now necessary to introduce the conditions (2.13) and (2.15) in order to determine 
the ultimate effects without undue labour. 

Under these two conditions equation (4.4) approximates to the following 


equation: 
Dn = —(b + c)n + ent (4.15) 


When studying the ultimate effects we are concerned with situations in which 


Dn is negligible, i.e. with conditions in which the ratio n/n* approximates to 
c/(b +). On account of equations (2.9), (2.10) and (2.11) we then have 


on <a,n*, (4.16) 


where o=—a—4; 
We may then adopt the additional condition (4.16) and so use the resulting 
approximation to the equation (4.5) namely: 
Dn*+ = —a,(n*)? + q (4.17) 
The solutions of the system (4.15) and (4.17) can be used, when necessary, as 
first approximations from which to derive higher approximations to the system 
(4.4) and (4.5). Their validity for representing also initial effects can be tested by 
means of the solutions (4.7). 
With N* as the initial value of + the solution of equation (4.17) is 
n+ = B tanh (kt + K,) (4.18) 


or n+ = Bcoth (kt + K,) (4.19) 


where 


B= V(q2,") 


k = v/(qa,) 
K, = tanh! (N+/B), K, = coth— (N+/B) 


(4.20) 
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We use (4.18) or (4.19) according as n is increasing or decreasing at t = 0. 
The relaxation time of n+ is 7+, where 
Tt = 1/+/(qa,) (4.21) 


These formulae show that * is independent of 6, c and «, and so also indepen- 
? 


dent of Z when Z/p < 2:5. 

On account of equations (2.11) and (2.14) we have, from equation (4.21) 
7+ > 1000 sec. It follows from this that during any interval of time less than 
50 sec the positive ion density n* may be taken as constant, i.e. 


n+ = N+ when 0< t< 50sec 


Therefore in the equation (4.15) we may now set the term cn*+ equal to the 
constant cN*. This yields the solution: 


n = N{1 — exp (—+/r)} + N exp (—t/r) 


for t < 50sec 


where JN is the initial value of n, 


N = Nte/(b + ¢) 


and 
7=1/(b+¢) 


Thus, » is approximately independent of « and «; and depends on Z only 


through the attachment coefficient b. 
Also we see that as ¢ increases » tends asymptotically to the value NV under the 


relaxation time t when 7 < r*, i.e. when 
V(q4i) Kb +e (4.25) 


This situation exists at the 92 km level on account of equations (2.11) and (2.14). 
From equation (4.22) we have 


(4.26) 


where 


(4.27) 


We thus see that ” varies linearly with ¢ during the time ¢t, where: 
|A ot,?| = 0-05]A ,¢,| 


ty = 0-17 (4.28) 


Also, n approaches within 5 per cent of its asymptotic value N when t >¢, 


where 
(4.29) 
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Although the formulae in this section have been derived primarily for applica- 
tion to the 92 km level, they are probably also valid for the 75 km level, as will be 
shown in Section (8). 

In the next two sections we shall add the subscripts 0 or z to those symbols, 
such as b, a, n, n-, n*, ete., the values of which depend on the value of the per- 
turbing force Z; the subscript 0 will indicate the unperturbed or normal values. 
The functional relations of b and « to Z will be taken as arbitrary, unless otherwise 


stated. 


5. TEMPORAL VARIATION OF THE NORMAL DENSITIES 


It is known, from observations at Watheroo and elsewhere, that on a normal 
quiet night between 0000 hours and about 0400 hours the electron density in the 
E-region decreases very slowly, often by less than 20 per cent in 1 hr, i.e. 


It then follows from equation (4.15) that 
(by + c)m_) = cny* (5.1) 


Since 7+ > 10° it follows that n y+ and n,) remain constant during any interval 
of time less than 50 see, i.e. 


where . 
Note = (by + 0)N, 


This result could also have been anticipated from the formulae (4.23) to (4.24), 
since the relaxation of n, would be practically complete in the time between 
sunset and midnight, which is very long compared with 75. 

It should be noted that a relation equivalent to (5.3) has been held by Massry 
and his collaborators to apply to daytime densities. Consequently the present 
theory may be applicable also to the daytime regions. 


6. TEMPORAL VARIATION OF THE ELECTRON DENSITY 
CAUSED BY A GYRO-WAVE PULSE 
We suppose that a wave-pulse of constant equivalent amplitude Z is applied 
at t = 0 and ceases at t = 7’, where 


2x10%°<T7< 25sec 


Initially the collision frequency v rises from the normal value v, to a value y, 
which does not change appreciably after 3 msec. This occurs because, as shown 
by experiments on gyro-interaction, the relaxation time for y is less than 1 msec 
in the lower H-region. We may therefore assume, for simplicity, that at t = 0 
the densities have their normal values V,, N,* given under equation (5.2). 
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In the interval 


0<t<T< 25sec 
the equations (4.22) to (4.29) assume here the following forms: 


n, = N,(1 — exp (—t/7,) + ¥, exp (—t/r,) 


, = N,te/(b, +c) 


From equations (6.2) and (5.3) we have 


and so 


where 


(6.11)* 


Equation (6.10) shows that during the time 0-17, the electron density increases 


* A more exact calculation by means of the equations (4.7) to (4.10) shows that: 
Pi = 55 — 6, + (% — a)N ot 


but with our assumed data the last term may be neglected. 
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linearly with time at the rate of 100(b, — b,) per cent per sec and so in this time 
the density increases by , 
bo ts b, 
'b+6¢ 
Also, in the time f,, given by equation (6.9) the electron density approaches 
within 5 per cent of the ultimate density V,, given by equation (6.7), which exceeds 
the initial density V, by 


10 per cent (6.12) 


100. per cent (6.13) 


b,t+e 


For example, when Z/p = 2-5, we find by means of the Table 1 that the density 
linearly increases by nearly 40 per cent and ultimately increases by nearly 400 per 
cent. These increases will occur at the 92 km level after 0-086 and 2-3 sec res- 
pectively. Before they commence to occur the collision frequency will increase 
within 3 msec by a factor of about 10. 

When the pulse length 7 is less than 25 sec the electron density at t = T 
attains the value NV, where: 


Ny = N{l — exp (—T/r,)} + N,exp(—T/7,), (I< 25) (6.14) 


We now consider the variation of y and n after the pulse ends. 

During the first 3 msec the collision frequency v decreases nearly to the normal 
value vy). Then during the following 25 sec the density » will vary according to the 
formula (4.22) with b =b,, tr =7, and n = Np at t = 0. Moreover, in that 
formula we must now set N = N, since n will return closely to its normal 
unperturbed value NV, after 25 sec; this result can also be deduced from equation 
(4.23) with b = by combined with equation (5.3) and the fact that n* does not 
change appreciably from its value NV,* at the beginning of the period of 50 sec 
which we are considering. 

Thus, after the pulse ceases » decays according to the formula: 


n = N,{1 — exp (—t/r,)} + Nz exp (—t/7) (6.15) 

where 
T) = I/(by) + ¢) (6.16) 
The subsequent theory is simplified when the pulse length 7’ is much greater 


than 7,. Thus, when 
T >t, (6.17) 


we have from equation (6.14) N., = NV, and so 


n = N,{ 1 — exp (—+/r,)} + N, exp (—1t/r)) 


where N, is defined by equation (6.7), or 


home 


"b,+¢ 


It will be noted that equation (6.18) is the same as equation (6.1) with the 
subscripts z replaced by 0, and vice versa. Consequently all the formulae (6.2) to 
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(6.13) transformed in the same way can now be taken over. We thus conclude that 
the electron density now decreases linearly with time at the rate of 100(b, — b,) 
per cent per sec during the time 0-17, and that in this time it decreases by 


b, —b 
ry ies, per cent (6.19) 


‘by + 
Also, under the condition 
\/(qu;)<<by +0 (6.20) 


the density approaches within 5 per cent of the normal unperturbed density NV, 
in the total time f¢,,) given by 


{20 by is b,J\ 


tog = To log | 


(6.21) 
b,+e ] 

From all these results we see that any experiment which allows the proportional 
rise and fall in time of the electron density near the 92 km level to be measured 
will yield separately the values of the three quantities b) — b,, b, + c and by + ¢. 
Any two of these will check the third and, if c is neglected, yield the values of by 
and b,. 

Such an experiment would also immediately test the range of our hypothesis 
(2.8), for then 

b, — b, = 11002 


and this formula leads to the remarkable conclusion that the initial percentage 
change of electron density per second is independent of the pressure and temperature 
in the region concerned and is equal to 110,000 times the equivalent electric force 
Z of the gyro-wave expressed in V/cm. 


7. Some Errects CAUSED IN THE E-REGION BY A 
Lone PULSE OF STRONG GYRO-WAVES 
We shall now apply the foregoing theory and data to the 92 km level of the 
nocturnal #-region when it is subjected to a pulse of gyro-waves of such intensity 


that at this level 
Z/p = 2-5 1) 


The corresponding value of the equivalent field Z is, by Table bk: 
Z = 4:35 mV/em (7.2) 


During the first 3 msec the mean energy of an electron will rise until it attains 
the value 1-22 eV. This corresponds to radiation of wavelength 10,100 A. On a 
Maxwellian distribution of energies about 50 per cent of the electrons will have 
energies exceeding those which correspond to the strong OH and O, bands in the 
natural air-glow and about 30 per cent will have energies greater than the quantum 
of red radiation. 

At the same time the electron collision frequency » near this level will increase 
by a factor f of nearly 10. Then the electron density n will increase by a factor g 
which attains the value 1-43 at the time ¢ = 100 msec and its ultimate value of 
nearly 5 at the time t = 2300 msec. 
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These changes in v and n can produce large changes in the propagation of radio 
waves through the local lower E-region. The following table shows the changes in 
the quantities p,?, «, 6, y, y;, yp which enter into APPLETON’s (1927) expression 
for the complex refractive index M = w — iy in the magneto-ionic theory of wave 
propagation. 


Z|p é a p v YL YT 
Z/p = 2: Pog a/9 Pflg vig vig veld 
For either mode J is given by the formula: 


* 2 


M=(1+ 275) (7.3) 


where X + 7Y is ‘a well-known complicated expression. Convenient general 
approximations to X + 7¥Y are obtainable by inspection from the formulae for VM 
given in a recent publication (BAILEY, 1958). These approximations were derived 
by means of the following rational approximation to a radical: 


A — 4 + 3s? (\s ; Th 
\ +s er s| <1) (7.4) 


except when s? = —1. 
If we apply this to equation (7.3) it yields the following approximation to M: 
when xX?4 Y2>1 (7.5) 
eo TOT 


—— 7.6 
“3 +098 iF Te 


From this we obtain the following approximations under the conditions (7.5): 


0-5X + 0-125 


os ‘ : 
a T X24 ¥2 4 0-5X + 0-062 


0-5Y 
“X24 Y24 0-5X + 0-062 
except when X +7Y = —1. 
For an ordinary wave in transverse propagation 
A =4, 7 =f 
where 
a = —w*/p*,, B = vqo/Do?, po” = 3°19 x 10°n, 


and w is the angular frequency of the wave. 
So in the region perturbed by the gyro-wave we have 


X= a/9, Y = Bflg 
where 
i= 6, g = 1-43 or 5 
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We shall now estimate the values of uw and 7 for the ““wanted wave’’ currently 
used to observe the effects produced at Armidale by a gyro-wave of moderate 
power. This wave has the frequency 590 ke/s and an angle of incidence 7) = 76° 
and is therefore propagated in the lower E-region nearly transversely to the 
terrestrial magnetic field. Since our purpose is primarily to obtain the orders of 
magnitude of the effects produced by a powerful gyro-wave we shall here neglect 
the influence on the wanted wave of both the magnetic field and the non-uniformity 
of the electron density. 

Also, in order to simplify the arithmetical work we shall assign the following 
values to the unperturbed collision frequency v, and electron density 9: 


vo = 592 x 10, Ny = 86 (7.11) 


From these data and the formulae (7.7) to (7.10) we obtain the values of X, Y, 
“, y Shown in the Table 2 for different times ¢ elapsed after the pulse arrives at the 
92 km level. 


Table 2 





t (msec) 0 3 100 2300 
— 50 —50 —35 —10 
i” 8 80 56 16 
0-990 0-997 0-996 0-986 
1:58 4-51 6:45 22-§ 
0 0-542 0-900 3:93 
1 0-582 0-407 0-0196 
1 1-72 2-46 51 





Since the coefficient of absorption « is equal to yw/c a wanted wave which has 
unit amplitude on entering the H-region will emerge, after transversing the length 
s of its trajectory, with the amplitude A where 


A = exp (—zws/c) 
If A, and y, relate to the unperturbed wave therefore 
p, =A/Ay = exp {(%7 — z)as/c} 


Under the conditions obtaining in the current experiments at the University 
of New England, Armidale, the horizontal projection of the trajectory of the wanted 
wave is about 70 km (Smiru, 1957). For a conservative estimate of the effects 
produced by the perturbing gyro-wave we may therefore adopt the value 15 km 
for the length s in our formula for p,. We thus obtain the following expression for 
the proportional change in the observed amplitude caused by the pulse of gyro- 
waves: 

Pis = exp {—185(z — Zo)} (7.12) 


o 


where 7, = 1-58 x 10-3. 
The values of 185(y — 7»), py; and p,;~! are given in the last three rows of the 


Table 2. 
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The fourth row shows that the refractive index mw increases slightly from the 
value 0-990 in the first 3 msec and then decreases slowly to 0-986. At all times its 
value is greater than the value of sin 7) which is 0-970. So in spite of the large 
increase of n at the 92 km level the wave continues to be reflected from a higher 
level. 

The last row shows that the observed amplitude is reduced by the factors 
1-72, 2-46 and 51 after 3, 100 and 2300 msec respectively. These changes could be 
easily observed. 

We may similarly estimate the increases with time of the observed amplitude 
after the pulse terminates. 

The reduction of amplitude by the factor 1-72 is due solely to the increase of 
the collision frequency. The subsequent changes by the additional factors 1-43 
and 29-6 are due to the change in the rate of electron attachment caused by the 
gyro-wave. Only the latter changes depend on the truth of our hypothesis that 
b/p is a function of Z/p alone. 

It is not possible at present to consider how our conclusions would be affected 
by the views of BatEs and Massey, since they do not appear to have published 
any estimates of the variation of b with Z or V. 


If it is suggested speculatively that at the low pressures in the #-region the values of b for 
any value of Z is reduced by the same factor 30 which reduces our value of by to theirs and if 
(2.9), (2.13) and (2.15) still hold true, our formulae (6.12) and (6.13) would then be changed only 
by the replacement of the term ¢ by c/30; if then we neglect this term for lack of knowledge of 
its value, we find that the same values 2°46 and 51, of p,;~1 are obtained as before but that they 
occur in times which are thirtyfold longer than those given in the last two columns of Table 2; 
thus, even on this speculation we would observe in 3 sec a decrease of amplitude by the factor 
1-43 due to the change in the rate of attachment caused by the gyro-wave. 


The effect on its own attenuation caused by the extraordinary gyro-wave can 
be calculated in the same way. But a simpler method is to use the relevant 
formulae (81) and (82) for « given ina previous publication (BAILEY, 1937b). From 
these we have 


w= 
Kk = 0-0535(1 — 4} sin? 6)n/» = 0-0468n/y 
Initially the absorption coefficient is xy, where 
Ko = 0:0468n9/r) = 6-8 x 10-6 
and after the time ¢ 
k= Kog/f 


The values of « obtained in this way for different times ¢ are given in Table 3. 


Table 3 





0 3 100 2300 
0-68 0-068 0-096 0-34 
0-507 0-934 0-908 0-712 
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The corresponding factors of attenuation A in 1 km, given by 


A = exp (—10°x) 
are shown in the last row. 

We thus see that within 3 msec the gyro-wave penetrates much more easily 
to a higher level. The enhanced penetration then diminishes until after 2300 msec 
it remains constant but still notably greater than the initial penetration. 

Besides these there are several other interesting effects which may be caused by 
sufficiently powerful pulses of gyro-waves. They are all briefly summarized as 


follows:* 


7.1. Radio propagation 
Self distortion of gyro-waves on the fundamental frequency f, and possible 
development of the harmonies of f,. 


7.2. Wave-interaction 

(a) Increased absorption by the affected region of other kinds of ‘‘wanted 
waves , including perhaps cosmic noise. 

(b) Increase or decrease of amplitude of the waves used with ionspheric 
recorders at frequencies about the critical frequency of the affected ionospheric 


level. 
(c) Increase in the received intensity of v.h.f. waves scattered from the affected 


region. 


7.3. Night airglow 
Changes in the airglow, commencing with the near infra-red emissions. 


7.4. Trails or tracks of meteors, solar corpuscles and cosmic rays 


(a) Changes in those parts of the trails which lie in the region affected. Such 
changes may be observed visually or through their effects on radar echoes from 
meteors and aurorae, i.e. by interaction with radar waves. 

(b) Making visible parts of the tracks of invisible micrometeors, solar cor- 


puscles or cosmic ray particles. 


7.5. Magnetic variations 

(a) Changes in the local magnetic elements, both in the affected region and 
on the ground. 

(b) Changes in the local gyro-frequency with consequent changes in the reso- 
nance effects observed in gyro-interaction and in the propagation of other waves 
passing through the affected region. 

The effects under headings 7.1 and 7.2(a) and (b) may all be observable when 
Z/p = 2-5. Some of the others may require Z/p > 4 or 8.¢ But there can be no 


doubt that at least 7.3 is observable when Z/p > 11 (BatLey, 1938, 1939). 


* Some of these will be discussed more fully elsewhere. 
+ These will be discussed more fully elsewhere. 
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lord 


With regard to the effects on tracks, mentioned under Section 7.4, support for 
these possibilities is provided by the experiments of BEVAN (1949), at the Univer- 
sity of Sydney, in which the tracks of «- and f-particles through Neon at 200 mm 
pressure were revealed by the glows produced about them by strong micro-waves. 

All these effects will be subject to variations by resonance as the frequency 
of the disturbing wave is varied by about 10 per cent around the local normal 
gyro-frequency. 


8. Errects CAUSED IN THE D-REGION 


The foregoing mathematical theory may be applied also to the 75 km level 
of the D-region (in the day-time) since the conditions with which this theory is 
associated can also be applied to that level.* 

When the same powerful gyro-wave as that considered in Section (7) acts on 
the 75 km level the corresponding value of Z/p is about 0-17. This value lies 
outside the range of Table 1 and so the use of extrapolation is unavoidable. 

The appropriate value of the electron density is also somewhat uncertain. 

For these reasons we shall here give only the results of calculations which have 
been made on the following assumptions: 


vy = 107, (8.1) 


From equation (2.3) we deduce that 


bo ah, ; 4|p 
b,+e 3—Z/p +c/1100 


(8.2) 


and so from equation (6.13) we infer that the ultimate increase of electron density 
is by 6 per cent. From equations (2.8), (6.3) and (6.9) we find that this increase 
is closely approached within about 135 msec. 

From the experiments on air of CRomPTON et al. (1953) we may infer that the 
collision frequency vy increases by a factor of about 6; this occurs within 0-2 msec 
after the pulse commences. 

With a weak gyro-wave vy = v, and its amplitude decreases in 1 km by 20 per 
cent. With our strong gyro-wave v = 67, and then its amplitude decreases in 
1 km by only 4 per cent. This is another example of the “‘non-linear”’ propagation 
found in Section (7). As a result the powerful gyro-wave penetrates much more 
deeply into the ionosphere than would a weak one. 

The effects produced on the propagation, through the region near the 75 km 
level, of an ordinary wanted wave of not too low a frequency are as follows: when 
the refractive index vw is initially sufficiently close to 1 it does not change much. 
On the other hand, if the normal attenuation factor in the affected region is of the 
order of exp (—1) then within 0-2 msec this changes to exp (—6) and after 135 msec 
it changes by an additional factor of exp (—0-36), i.e. by the factor 0-7; both these 
reductions in amplitude should be observable by means of appropriate receiving 
equipment. Such effects may perhaps be observed on cosmic noise. 


* The conditions (2.9), (2.13), (2.15) hold true (if we neglect the effects of the ions by comparison 
with those of the electrons) and the conditions (2.10), (2.11) may be assumed true at 75 km. 
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9. SUMMARY AND CONCLUSION 

The main results of our investigation may be summarized as follows. 

A theory is developed of the effects produced near the 92 km level of the 
nocturnal H-region and the 75 km level of the D-region by a pulse of extra- 
ordinary gyro-waves of such field intensity that the values of the equivalent 
reduced force Z/p at these levels are 2-5 and 0-17 V/cm respectively. 

The theory is based as closely as possible on the most reliable experimental data 
about the behaviour of free electrons in air and on the present state of knowledge 
about the parameters which relate to the two levels. Where possible the effect of 
the existing divergence of opinion on the rates of attachment at pressures of the 
order of 0-002 mm Hd is examined. 

It is found that near the 92 km level the collision frequency y increases tenfold 
and the electron density » increases fivefold in less than 2-3 sec, while near the 
75 km level » increases sixfold and v increases by 6 per cent in less than 0-135 sec. 

The consequent changes in the propagation characteristics of a transverse 
ordinary wave of frequency 590 ke/s which traverses 15 km of the region near 
the 92 km level are given in the Table 2. The last row of this table shows that the 
observed wave-amplitude decreases by the factors 1-72, 2-46 and 51 in the times 
3, 100 and 2300 msec, respectively, after the pulse enters the region. 

The effects on its own attenuation in 1 km caused by the pulse near the 92 km 
level, are given in the Table 3. This table shows that by reason of its great intensity 
the pulse can, within 3 msec, increase considerably its penetration into the #-region. 

Under the influence of the pulse the mean energy of an electron at the 92 km 
level rises to 1:22 eV. This is equivalent to a quantum of energy of radiation 
of wavelength 10,100 A, i.e. radiation close to the OH and O, bands of the natural 
airglow. 

By the use of pulses with this field intensity, or with up to four times greater 
intensities, it may be possible to produce observable changes in the local airglow, 
in the trails of meteors and tracks of different fast particles which enter the lower 
E£-region, and in the local magnetic elements. The probability of producing such 
observable changes increases rapidly with further increase of the intensity. 

All these effects are subject to resonance variations as the pulse frequency 
varies about the local gyro-frequency. 

The theory also shows that it is possible to use such a pulse to determine by 
experiment the rates of attachment of electrons near the 92 km and 75 km levels 
of the ionosphere as well as other data about the collisions of electrons with the 
neutral particles near these levels. In this way it is possible to resolve certain 
important questions which are at present the subject of speculation. These 
include the rates of attachment and detachment, the ratio of negative ions to 
electrons, the relative contributions of the H- and D-regions to the production 
of magnetic variations by dynamo action, the contribution of the H-region to the 
airglow, the existence of meteors and corpuscles of solar origin which are at 
present unperceived and perhaps also the causes of abnormalities such as sporadic-H 
ionization. 

On account of the large increases caused in y alone it will also be possible to 
simplify studies of wave-interaction by using vertically incident wanted waves 
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and so having all the necessary facilities at the one place instead of at three widely 
separated stations. 

All these results taken together emphasize the importance of carrying out 
experiments with powerful gyro-waves of the kind considered here. The large 
initial cost would be amply repaid by having in existence a potent instrument 
with relatively low running expenses which would throw light on a large variety 
of processes in the ionosphere and perhaps, in due course, lead to improvements in 
radio-communication. 

Thus, the erection in some centre of a suitable large aerial array of, say, 80 
or 160 horizontal dipoles connected to a generator of 500 or 1000 kW power may 
be almost as worthy of support as the erection of a large radio-telescope. 
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APPENDIX 1 
First we assume that, if Q is the effective momentum cross-section of a molecule towards 
an electron of mean energy V, then 
Q is independent of temperature T' 
Since vy = u/l and Qin® = 1, therefore 
vjn® = uQ 


Since W = Ze/mv, therefore 
W = (e/m)(Z/n®)/uQ 


In the steady state we must have 
ZeW = vn 


Hence by (3) and (2) 
n = mW? = (e?/m)(Z/n°)?/u?Q? 
Since 
4mu* = Ve 
therefore 
mW? = = te(Z/n)?/VQ? 


Also, since 
p = Kn°T, 
where K is Boltzmann’s constant, we have 
Z|n® = KTZ/p 
Since the energy 7 lost at a collision is a function of V and T alone it follows that Z/n® is a 


function of V and 7’ alone. 
Now the experiments of Hatt (1955) on electrons in N, and H, show that in the range of 


temperatures 83°K to 288°K and for fixed values of Z and n® the energy V is independent of 

the temperature 7 when V > Vo, where V4 is the mean energy of a molecule of the gas, i.e. 
r 3147 

V 0? = ok f (9) 

If we now assume that the same behaviour is true of electrons in air we may conclude that 


when 
V>V, (10) 


Z/n® is a function of V alone, i.e. V is a function of Z/n® alone. 
It follows from equations (1), (6), (5) and (2) that also 7, W, u and y/n® are functions of Z/n® 


alone. 
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Since the experiments on attachment in air show that at a fixed temperature the proba- 
bility of attachment h depends on Z/p alone, it follows that h depends on V and V4, alone. 
Therefore when equation (10) holds true h depends on V alone, i.e. on Z/n® alone. 

Since vh is equal to the attachment frequency b and b = BW it follows that b/n® and B/n° 
are functions of Z/n® alone. 

Evidently the probability of ionization 7 of a molecule by an electron under the condition 
(10) depends only on V, i.e. on Z/n® alone. Since vi = a anda = anW it follows that a/n® and 
a7/n® are functions of Z/n® alone. 

Lastly, from the definition of TowNsEND’s factor k as V/V) and from equations (9) and (10) 
we see that Tk is a function of Z/n® alone. 

On using equation (8) we may therefore conclude that 


V,W,,h, Tr/p, TB/p, Tb/p, Tap/p, Talp, Tk | 


are all functions of 7'Z/p alone | 


APPENDIX 2 


If h is a unit vector in the direction of the local terrestrial magnetic field H and nj, Ng, ng are 
three mutually perpendicular unit vectors with ng in the direction of propagation of a 
circularly polarized wave of angular frequency w and amplitude E, we have 


H = Ah 
and 
E = £, cos wt.n, + E, sin wt. n, 


where E, = |Z, a 
We also introduce the quantities Z,, Z, defined by 
Z, = EY’, Zo? = 3H? 
If 6 is the angle between h and nag, Cyn = hn, S,, —~h xn, 9x2 —~h.n, Xn, 
and, for convenience, we take n, in the plane containing h and ng, we have 
Con, = sin? 0, Shiny = cos? 0 
Chng = 9, Sing = 1, 912 = cos 0 
The angular gyro-frequency Q is now given by 
Q = —He/me 


From the formula (21) given by Battery (1937a) for the mean work @ done by the wave 
per collision, in the steady state (for which @) = 0), we have 


n _ 


B/(e?/m) > Z 2(4 nB8hn- cs B Cyn”) ir Z,2Z,0,0 . ny, x Ny (3) 
n 


where 

1 1 
ae. _ QO? —~ 4,2 - 
1 (o,, Q)) v 


] 


age 
v 1 O, 


Here the two plane components of the circular wave have the same frequency w, so w, = 
W, =. Also using equations (1) and (2) we thus obtain 
w/(e2/m) = 4£7(4A(cos? 6 + 1) + Bsin? 6) + 4#?C cos 0 


= }£*(d(1 + cos 6)? + s(1 + cos 6)?) + $H?B sin? 6 
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where 


1 ] 1 


+ (w — Q)2’ oe a + (wo + Q)?’ 


d = B - 


+ O2 
On selecting the signs appropriate to the two modes we obtain the following formulae: 
For the extraordinary mode 


@ = (e?/m)E*(d . cos* 30 + s.sin* 40 + 4B. sin? 6) 
and for the ordinary mode 

@ = (e?/m)E*(d . sint 40 + s. cost 40 + 4B. sin? 6) 
For a constant field Z alone we have the two relations: 


vw = ZeW 
and 
W = Ze/my 
and therefore the relation 
w = (e?/m)Z?/y? (7) 


Hence, by definition the equivalent fields Z,, Z) of the extraordinary and ordinary modes 
are given respectively by 
Z, = Ev(d.cos* 30 + s.sin* 30 + 4B sin? 6)! (8) 
and 
Zy = Ev(d.sin* 40 + s. cost 30 + 4B sin? 6)3 (9) 


Note ADDED IN PROOF 


The new experimental results on the attachment of electrons in oxygen at 
pressures exceeding 7mm Hg reported by L. M. Cuantn, A. V. PHELPS and 
M. A. Btonpt, at the Gaseous Electronics Conference on October 23, 1958, cannot 
be extrapolated to the air at the 92 km level, for this would require the errors in the 
reported measurements of £/p to be less than 1 part in 10+. In a private com- 
munication Dr. BionpI agrees with this conclusion. 
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oxygen green line in the dark atmosphere 
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Abstract—A low latitude aurora was measured photometrically. Three prominent emission features, 
43914 band of 1.N.G. N,+, 45577 of OF and 16300-6364 of OJ, were isolated with narrow pass band 
filters and recorded continuously throughout the night in the meridian sweep. Absolute calibration 
was carried out, and corrections for the scattered light and atmospheric extinction were made. 


ratio of instantaneous intensities [(0)5577 to I[(O)3914 was found to be essentially constant over an 
intensity range of three powers of ten and to be independent of the type of auroral form. 

The intensities and correlations obtained are consistent with the following excitation mechanisms. 
In the dark atmosphere the N,*+ is excited from ionizing collisions of incoming particles with atmospheric 
N,. It is concluded that the OI 45577 line results from secondary electrons, arising from the primary 
ionization process above, colliding inelastically with oxygen atoms. 


1. INTRODUCTION 


THE desirability of carrying out auroral observations from which the absolute 
intensity of the various emission features can be determined has been realized 


for some time. On the basis of this experimental data, from which relative intensi- 
ties are easily determined, considerable progress may be made in establishing the 
excitation mechanism primarily responsible for the auroral emissions. In this 
series of papers we report on results obtained from a photometric study of the 
aurora of 1-2 March 1957 as observed from the Fritz Peak Observatory in Colorado 
(latitude 39°55’N longitude 105°29’W, elevation 2751 m). 

The photometer incorporated three telescopes equipped with narrow band 
interference type filters and auxiliary glass filters. Peak transmission and band 
width at half transmission of the filter systems, as determined by a high resolution 
laboratory spectrophotometer, were the following: 13914, 27 A wide; 

17 A wide; and 26300, 100 A wide. These wavelengths correspond to three of the 
most prominent auroral emissions, the “forbidden” atomic oxygen lines at 
26300/6364 and 45577, and the v’ = 0 to v” = 0 vibrational band of the First 
Negative system of ionized molecular nitrogen at 13914. In view of the high 
intensity of these emission features and the narrow pass band of the filter systems 
employed it is permissible to neglect other radiations present in the respective 
wavelength intervals of the filters: (a) other auroral emission bands, (b) light of 
astronomical origin, i.e., integrated starlight and zodiacal light, and (c) the scattered 
light arising from the two preceding emission sources. The usual airglow emissions 
of the oxygen atom are, of course, accepted by the respective filters; however, 
the intensity of the normal airglow is quite low in comparison to auroral intensities. 


* Now at the Geophysical Institute, University of Alaska 
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The photometer described vertical circle sweeps in the meridian alternately 
from north to south and from south to north. The duration of each sweep was 
3 min. A shutter closed at the end of each sweep for one minute, yielding a zero 
reading with each sweep; the basic time interval of the observations was therefore 
four minutes. This instrument was run continuously from 2000 MST (Mountain 
Standard Time) to 0530 MST. The data were displayed on continuously running 
graphic recorders. The photometer, originally designed for airglow research by 
MarLtow and PEMBERTON (1949), is described in some detail by Roacu and 
Pertir (1951). Sample sweeps of the auroral radiations recorded are shown in 
Fig. 1. These sweeps illustrate the general trend of the display as observed from 
Fritz Peak, namely, that the “‘green”’ and “‘blue’’ emissions were concentrated 
primarily toward the northern horizon, while the “red” emission extended well 
over the entire northern half of the hemisphere, and frequently spilled over into 


the southern half. 
2. ANALYSIS OF THE OBSERVATIONS 


The steps followed in obtaining the absolute emission intensity from the raw 
galvanometer deflexions were the following: (a) absolute calibration of the 
telescopes and (b) correction of the data for atmospheric scattering and extinction. 

(a) Absolute calibration has been carried out by utilizing the deflexions due 
to a bright star. At the beginning of the night, when the aurora was still relatively 
faint, and the sensitivity setting of the system correspondingly high, the star 
x Canis Majoris crossed the meridian and gave a well defined deflexion on all 
three records. By a procedure described in detail by REEs (1958) a calibration 
factor yielding the surface brightness per unit galvanometer deflexion was 
obtained. All the data are presented in the absolute intensity unit, the kiloray- 
leigh (kR) equivalent to 47B, where B is the angular surface brightness in units 
of 10% quanta-cm~*-sec! sterad~!. This photometric unit for the aurora has 
recently been suggested by HuntTEN, Roacu and CHAMBERLAIN (1956). 

(b) Correction for atmospheric scattering and extinction due to the terrestrial 
atmosphere situated between the region of auroral emission and the observer 
may be made by applying the equation of radiative transfer. For a point source 
at infinity (the sun) illuminating a plane parallel atmosphere a solution in closed 
form has been obtained by CHANDRASEKHAR (1950). ASHBURN (1953) integrated 
an infinite number of point sources over a hemisphere thereby obtaining the 
solution for a uniformly illuminated atmosphere. Such a solution is applicable 
to the transfer problem of the airglow which is more or less a uniform glow over 
the entire sky. The aurora is characterized by a non-uniform emission over only 
a portion of the sky as well as by a rapid change with time. An exact solution of 
the transfer problem involving an aurora is clearly impracticable and judicious 
approximations must therefore be used. 

The formula used for making this correction is 


I — I,(O) exp (—#,) + Jl ay exp (—r’,)}, (1) 


; 
where J, is the observed intensity at frequency y, J,(O) is the corresponding 
intensity above the intervening atmosphere, 7, is the extinction coefficient due 
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to scattering and absorption, 7+,’ is the extinction coefficient for scattering only, 

and J, is an average intensity from which the scattered light is estimated. 
Equation (1) was established by Barsier (1944) primarily for application to 

airglow analysis. The important assumption implicit in equation (1) is that J, 

is independent of position in the atmosphere. 
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Fig. 2. Auroral intensity of the 13914 emission before and after corrections for 
atmospheric extinction and scattering have been applied. 
The angular dependence of the scattered light was taken into account using 
the Rayleigh phase function for molecular scattering: 


1 + cos? © (2) 


where © is the angle between the incident and the scattered radiation. The 
areal extent and position of the aurora were estimated from visual observations. 
Details of the analysis are given by R&EEs (1958). 

In a photometric study of the airglow and the aurora at College, Alaska, 
BaRBIER and Pertit (1952) used a similar approach to correct for the scattered 
light and extinction. In their situation the aurora extended over a considerable 
portion of the sky; they therefore assumed J, to be constant all over the sky and 
obtained its value by a suitable treatment of the observational data. In this 
study we also determine J, from the observations; however, we use a different 
approximation: we assume that there is no auroral emission present near the 
southern horizon at Z = 85°S. Thus the intensity measured at Z = 85°S through 
the 13914 filter is attributed entirely to scattered light from the aurora in the 
north. Although an emission at 13914 has been reported as an airglow feature 
probably due to bombardment by cosmic ray protons (CHAMBERLAIN and OLIVER, 
1953; MEINEL, 1953) its intensity is sufficiently low in comparison to the auroral 
scattered light component near the southern horizon to allow us to neglect any 
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airglow contribution in the analysis. In the case of the oxygen lines, in addition 
to scattered auroral light we also account for airglow and scattered light due to 
airglow, using average airglow intensities. Internal consistency in the results 
obtained for all measured emissions at all pertinent zenith distances lend support 
to the validity of the assumptions made. 

In Figs. 2, 3 and 4 a comparison is made between the raw intensity after 
calibration only and the auroral emission intensity above the atmosphere. The 
striking effect of increasing atmospheric extinction toward the horizon and its 
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Fig. 3. Auroral intensity of the 45577 emission Fig. 4. Auroral intensity of the 16300-6364 

before and after corrections for atmospheric emission before and after corrections for 

extinction and scattering have been applied. atmospheric extinction and scattering have 

been applied. 

strong wavelength dependence are clearly evident. Since a visual observation 
of an auroral display corresponds to the uncorrected curve, such observations 
near the horizon can be very misleading and require careful interpretation. This 
applies equally well to photographic and spectrographic observations and indicates 
the desirability of using a sufficiently small field of view to allow the proper 
corrections to be made as a function of zenith distance. The photometer used 
in this study incorporated a 5° field. 


3. THE PHOTOMETRIC RESULTS 
3.1. Intensity 
The observational technique employed yielded both continuous spatial coverage 
in the meridian and temporal coverage with a 4 min time resolution. Over 600 
individual measurements were analysed covering the most interesting and useful 
time intervals and zenith distances. The complete empirical results are given 
in tabular form by Ress (1958). The variation of the auroral emissions OJ (45577) 
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and N.G. N,*(A43914) at Z = 80°N throughout the night is shown in Fig. 5. In 
addition to the absolute intensity scale as ordinate, the approximate location 
of the International Brightness Coefficients is indicated in the figure. The diagram 
illustrates the general morphology of the aurora in these two colours according 
to the intensity; it does not indicate that the form of the auroral display also 
varied considerably throughout the night, beginning with a general glow on the 
horizon and developing into rayed structures around midnight, and gradually 
fading toward dawn. It may be noted that the 45577 slant intensity at Z = 80° 
at the beginning of the night, 1 kR, is only slightly higher than the average airglow 
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zenith distance throughout the night. Data have been corrected for atmospheric extinction 
and scattered light. The intensity is given in terms of absolute energy units and the 
visual international brightness coefficient. 


intensity of this emission. The close correlation between the intensity of the 
43914 and 45577 emissions up to approximately 0400 MST is immediately evident. 
The reversal of the relative intensity trend after this hour is interpreted in detail 
as a sunlit aurora in the second paper of this series. Similar results are obtained 
at the other zenith distances investigated. 

If the time parameter is neglected and the two intensities are plotted against 
each other the correlation shown in Fig. 6 is obtained. We wish to point out 
especially that this graph includes all the experimental points for zenith distances 
Z = 70°, 75° and 80° from 2046 MST to 0358 MST inclusive. We conclude that 
over an intensity range of almost three powers of ten the ratio of the emission 
intensities is essentially a constant: 

1(O)5577 


a ” 
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Fig. 6. Correlation between the absolute intensity of 43914 emission and 45577 emission. 

Experimental data include observations at three zenith distances and were obtained during 

an eight hour period of photometric recording. Data obtained after 0358 MST is not 
included. 
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part, too small to be read with accuracy, the ratio at other zenith distances was 
not included in Fig. 6. However, during the time when auroral intensities were 
greatest ten sweeps could be found for which readings up to Z = 40° were con- 
sidered quite reliable. The results of the computation of r at six zenith distances 
are given in Table 1. The ratio again is essentially constant even though the 
intensity at the smallest zenith distance, Z = 40°, was up to forty times smaller 
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Fig. 7. Variation in the intensity ratio of two auroral emissions as a function of time 
accounting for much of the scatter shown in Fig. 6. 


than at the largest zenith distance considered, Z = 80°. The average of the 
ratios for each sweep and for each zenith distance shows about the same range 
of values, showing no trend with zenith distance. 

Although the ratio, r, is clearly a constant to a first approximation, it would 
be desirable to account for the scatter in the points in Fig. 6. Plotting r as a 
function of time the results shown in Fig. 7 are obtained. The scatter of the 
data noted in Fig. 6 may now be attributed, in part, to a variation with time. 
Up to about 0400 MST this variation is essentially the same at all three zenith 
distances. The scatter within each curve is not believed to be of any significance 
because of the difficulty in making accurate readings of galvanometer deflexions 
when the curves on the graphic record incorporate a steep gradient (see Fig. 1). 
This condition prevailed throughout the greater part of the night. The significant 
enhancement of 43914 during the sunlit aurora is strikingly evident. The slow 
variation of the ratio, r, as a function of time prior to the onset of the sunlit 
aurora may be explained as reflecting a variation in the extinction coefficient 
throughout the night. A constant extinction was assumed in analysing the data; 
however, the observing log for the night indicated that atmospheric conditions 
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steadily improved as the night progressed. This would be consistent with higher 
initial values of extinction and a gradual decrease as a function of time. Results 
consistent with this hypothesis are obtained at all zenith distances analysed. A 
variation in r may, however, also arise from a latitude—height effect which will 


be discussed in the next section. 


3.2. Zenith distance, height and latitude 

A constant ratio of emission intensities 25577 to 13914 over a large height 
interval is highly significant when the excitation mechanisms operative in produc- 
ing the aurora are considered. A correct interpretation of the data (which have 
been obtained as a function of zenith distance) with respect to height is therefore 
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Fig. 8. Meridional cross-section through the earth’s atmosphere. Shaded areas indicate 
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possible (idealized) spatial extent of auroral forms illustrating the difficulty encountered 
in deducing heights from observations obtained as a function of zenith distance. 


of utmost importance. Let Fig. 8 represent a cross-section along the meridian 
sweep, the ordinate representing height above the earth's surface, and the abscissa 
distance along the earth’s surface. The photometer is located at the origin and 
the radial lines represent lines of sight at various zenith distances. The horizon 
(at Z = 90°) is also shown. In order to explain an emission detectable between 
Z = 40° and Z = 85° the region of excitation might extend in several possible 
directions: 

(a) The luminosity could all originate from a relatively thin layer located 
perhaps between 150 and 200 km. If this were the case, reference to Fig. 8 shows 
that the emitting region would have to extend at least 1000 km, or about 9° in 
latitude. Moreover, in order to explain the wide variation in intensity with zenith 
distance, which is many times greater than the variation predicted from a uniformly 
emitting layer, we must also postulate an intensity gradient as a function of 
latitude with a strong increase toward the north. 

(b) At the other extreme, if the emissive region has a small latitude range 
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(10 to 20 km) as is usual for auroral forms showing structure such as arcs, rays 
and draperies, and the same auroral feature is observed between 40° and 85° 
zenith distance, the required vertical extent of the region would be from 100 km 
at the lower border to over 1000 km at the upper border. This has been reported 
in the case of a sunlit aurora, but not for aurorae in the shadow region (STORMER, 
1955). 

(c) Cases (a) and (b) represent two extremes. Most probably, the actual 
picture lies somewhere in between these extremes. It should be recalled that the 
results are based primarily on observations at large zenith distances which integrate 
luminosity from a large region of space. For example, the line of sight at Z = 80° 
intersects the 100 km altitude layer about 480 km north of the observer, the 
150 km level at 650 km, and the 200 km level at 815 km distant (see Fig. 8). 
Thus, we may be looking at many discrete features at the same time. Just before 
midnight the observations indicated a rayed aurora and perhaps a drapery. These 
features are quite thin but very often several parallel curtains can appear simul- 
taneously. The 5° field of view of the photometer adds considerably to the 
integrating effect. 

The aurora of 1-2 March was quite extensive, and it is possible that some form 
of auroral emission was present everywhere north of Fritz Peak observatory. 
Unfortunately, this date was prior to the beginning of IGY so that extensive 
visual observations planned for the IGY were not as yet available. However, 
a preliminary map compiled by Dr. GARTLEIN’s group at Cornell* for this particular 
night, indicated extensive auroral activity all over the United States; in particular, 
rayed arcs and rays were reported directly due north (5° and 7° of latitude) of 
Fritz Peak at various time intervals. 

As a result of the preceding argument a constant intensity ratio [(O)5577 
I(O)3914 as a function of zenith distance does not necessarily mean a constant 
ratio with height. In the preceding section a gradual change in r throughout the 
night (Fig. 7) was interpreted in terms of a change in the extinction coefficient. 
In view of the discussion just concluded we could also interpret such a change as 
an aspect effect. A slow drifting of the aurora in latitude would have the effect 
of presenting to the photometer at a given zenith distance different height layers 
of the emissive region. A southward drift would result in the lower layers pre- 
dominating while a northward drift would gradually present the higher layers 
to the field of view. Thus, if there is a change in the ratio of the intensity r with 
height it would be expected to appear on the basis of this interpretation. Here 
also, the integrating effect of observing at large zenith distances would mask any 
sharp discontinuities. 

Although it would be very desirable to obtain luminosity vs. height curves 
for the aurora, from the present study we can only give luminosity vs. zenith 
distance curves such as are shown in Fig. 9 for the three emissions recorded and 
at a particular time of the night. While it might seem, at first, that establishing 
the lower limit of the auroral height will uniquely determine the height at other 
zenith distances, the above discussion clearly indicates the necessity of also 


* We are grateful to Dr. GARTLEIN for supplying the auroral map compiled for this night. 
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accounting for the latitude effect, i.e. the ‘‘thickness”’ of the display. Simultaneous 
observations from several locations would offer a solution to this problem. The 
results obtained for the OJ red lines will be discussed in the third paper of this 
series. 

4. DISCUSSION 


Although an intensity ratio, r, of approximately two has been reported 


previously (VEGARD and Kvirre, 1945) and the constancy of this ratio for various 
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Fig. 9. The auroral emission intensity corrected for atmospheric scattering and extinction 
is shown as a function of zenith distance of observation. 

types of auroral forms was reported by OMHOLT (1957), the empirical fact that this 
ratio is more or less a constant over an intensity range of three powers of ten had 
not been realized before. Such a strong correlation is suggestive of a close relation- 
ship in the excitation mechanisms resulting in these auroral features. An explana- 
tion may be sought (a) in terms of some simultaneous and proportional excitation 
mechanisms or (b) a cascading type of excitation mechanism. 

In view of the conclusions on the height of the emissions reached in Section 
(3.2) the question of a constant ratio, r, with height must be left open. 

Evidence is accumulating from many sources (MEINEL, 1952; BatEs, 1955; 
SEATON, 1954) that the primary mechanism resulting in the N. G. N,*+ band emission 
is of the type 


N,+ X -N,t’ +X +e (4) 


where X represents the energetic particle and may be a proton, electron, heavy 
ion or atom. N,*’ represents the ionized nitrogen in the excited state. Correlation 
of auroral phenomena with magnetic activity lead us to consider electrons and 


protons most seriously. From the experimental evidence associating protons 


with the N.G. N,* emissions (MEINEL, 1952; Merrnet and Fan, 1952) the excitation 
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by protons seems more likely. While a proton stream can account for the 13914 
emission it cannot give rise to the forbidden atomic lines of oxygen, and 
26300-6364, since these involve a change in electron spin. This process is one of 
electron exchange. Simultaneous proportional excitation of the two emission 
features therefore does not seem probable. 

Considering possible cascading mechanisms mention should be made of 
MirraA’s (1948) hypothesis of excitation of N,*+ by ionization and excitation, 
followed by 

N,*’ ~N,*+ + by (A3914) (5) 


giving rise to the First Negative system, and ionic recombination with negative 
oxygen ions 
N,+ + O- +N, + O(}S) (6) 

yielding the upper state of OJ from which the desired emission is obtained, 

OS) +O(D) + hv — (45577) (7) 
This set of reactions certainly would dictate a constant ratio and would thus 
satisfy this aspect of the experimental results. However, from the absolute 
intensity measurements of the green line and the derived photon emission rate 
per unit volume (assuming any reasonable thickness for the emission layer) the 
required equilibrium concentration of O- exceeds the predicted concentration 
by several orders of magnitude. Assuming very high electron concentrations would 
not necessarily alleviate the problem since disappearance of N,* ions by dissociative 
recombination is probably the more important process accounting for their 
removal. 

The other possible cascading mechanism involves the secondary electrons 
produced by the primary ionization process of molecular nitrogen, given by 
equation (4). The process would be excitation of atomic oxygen by electron 
impact: 

OP) + e +O(S) +e (8) 


This process has already been suggested as a very effective mechanism for produc- 
ing the forbidden oxygen lines (BaTEs, 1955; Seaton, 1954). The rate coefficient 
for the reaction and the oxygen abundance are sufficiently high to account easily 
for the observed emission intensities. The constant ratio of the emission intensities 
25577 to 23914 over a thousandfold range of intensity, throughout the entire 
aurora in the dark atmosphere, and for various types of auroral forms implies 
that (a) excitation by electron collision is by far the dominant mechanism, and 
(b) that these electrons originate from the ionization excitation of Ng, i.e. it is 
this process which gives rise to the active electrons capable of producing the OJ 
green line and probably other emissions resulting from electron collision. The 
oxygen red lines, to be discussed in detail in paper III, do not show a one to one 
correlation, according to intensity, with the green line, rather the ratio of intensities 
appears to be a function of the intensity itself. 

A quantitative prediction of the ratio J(O)5577/I(0)3914 would require 
knowledge of several factors. The relative population of the various electronic 
levels of N,+ following the primary collisional ionization of N, must be known if 
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the ratio of the number of 3914 quanta to the number of secondary electrons emitted 
is to be determined. Ionization cross-sections of N, by proton impact are not 
available at present. Massry and Buruop (1952) give the apparent cross-section 
for ionization of N, by electron impact and we shall use these values to illustrate 
the computation. For 100 eV electrons the cross-section is 2-87 < 10-16 cm?. 
StEWART (1956) has measured the probability of excitation of the (O, O) Negative 
band of N,*+. From the published curves a cross-section of 6-2 x 10-18 em? for 
100 eV electrons is obtained. Therefore, 2-87 x 10~16/6-2 x 10-18 = 46 ioniza- 
tions occur per 23914 photon emitted, producing that number of secondary 
electrons. Some of these electrons will be sufficiently energetic to produce one 
or more additional ionizations. The final energy distribution of the secondary 
and tertiary electrons must be determined. Recently Bates, McDoweLu and 
OmHOLT (1957) have calculated the energy distribution of secondary electrons 
ejected from the outer shell of neon by proton impact. If one may apply the 
results qualitatively to nitrogen it appears that the energy distribution can be 
sharply peaked in a small energy range. This might well account for the selective 
excitation of the 1S state of OJ. A quantitative prediction of the ratio, r, cannot 
be made at present, however, there seem to be a sufficient number of secondary 


electrons to account for a ratio, r = 1-9. 


5. SUMMARY 

(a) The absolute intensities of the N.G. N,+(A3914) emission and the O1(45577) 
line were determined for one low latitude aurora. 

(b) The ratio of the intensities, 7 = [(0)5577/I(O)3914, was found to be a 
constant over an intensity range of three powers of ten and throughout the entire 
night regardless of the auroral type, but for emission from the dark atmosphere 
only. The numerical value for this ratio was found to be r= 1-9. Considering 
the uncertainties in the absolute calibration of each telescope the value given is 
probably correct to within +50 per cent. An error in the absolute calibration 
would enter systematically in the numerical value of this ratio but would not 
affect its constancy. Variations from the average ratio were interpreted as arising 
either from a change in the extinction coefficients throughout the night, or as a 
height-latitude effect. 

(c) The excitation of O7(45577) can occur primarily by collision with the 
secondary electrons resulting from the primary ionization of N,, yielding N,*. 
The requirement of secondary electrons to explain the empirical correlation 
favours the simultaneous ionization and excitation of N, over the excitation of 
N,* from its ground state to one of the excited states. 
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Molecuiar nitrogen emission in the sunlit atmosphere 


M. H. ReEeEs* 
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Abstract—The absolute emission intensity of a sunlit aurora was determined for the 1.N.G. 43914 band 
of N,* by subtracting the emission intensity originating in the dark atmosphere from the total measured 
intensity. The method is based on the constancy of the ratio of emission intensity of the oxygen green 
line OL 45577 to the 43914 emission in the dark atmosphere. The ion density of N,+ is computed as a 
function of height from the emission rate per unit volume. 


1. INTRODUCTION 


IDENTIFICATION of sunlit aurorae in the past have been based primarily on photo- 
graphs taken simultaneously from several locations from which the height of an 
identifiable emission feature was determined. If the height was established to be 
in the sunlit atmosphere it was concluded that the display constituted a sunlit 
aurora. Occasionally divided rays have been observed, the lower portion lying 
in the dark atmosphere, separated from the upper segment in the sunlit atmosphere 
by a region of greatly reduced luminosity. Sunlit aurorae have been discussed 
extensively by STORMER (1955). 

An observer or instrument on the ground will measure the total luminosity 
in a column extending from the instrument to the upper limit of the emission 
height at the given zenith distance. One cannot, a priori, attribute the total 
intensity to a sunlit aurora since there is no basis for assuming that emission in 
the dark atmosphere ceases during the hours after sunset and before sunrise. 
At large zenith distances, especially, the line of sight traverses a considerable 
portion of the region from which dark atmosphere auroral emission may originate. 
A more sensitive procedure for isolating a sunlit aurora is clearly necessary if a 
quantitative analysis of the photon emission rate is to be carried out. 

Among the auroral emissions enhanced in the sunlit atmosphere the 13914 
band of the first negative system of N,* is one of the most prominent. The approach 
used in this paper for studying the sunlit aurora is based on the photometric 
enhancement of 13914 around dawn. Photometric measures of three auroral 
emissions isolated by means of narrow band interference filters were carried out 
throughout the entire night of 1-2 March 1957. These were the N,+ 43914 band 
and the OJ 75577 and OJ 16300-6364 lines. In paper I of this series (REES, 1958) 
a nearly constant ratio between the intensity of OJ (45577) and N,*+ (43914) 
was shown to exist for emission from the dark atmosphere. We assume (a) that 


Kae 


there is no significant enhancement of 45577 in the sunlit atmosphere, and (b) 
* Now at the Geophysical Institute, University of Alaska. 
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that the ratio r = [(O)5577/I(0)3914 for dark atmosphere emission remains 
constant into dawn. The component of the 13914 intensity originating from the 
dark atmosphere may therefore be computed; subtraction from the total intensity 
yields the 13914 emission from the sunlit atmosphere. 


2. THE OBSERVATIONS 


The morphology of the auroral intensity at a zenith distance of 80° throughout 
the night was shown in Fig. 5 of Paper I. We noted the close correlation between 
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Fig. 1. Enhancement of the auroral emission 43914 toward dawn. The absolute intensity 
has been corrected for atmospheric scattering and extinction. 


the two emission intensities 25577 and 43914 and the departure from this corre- 
lation in the hours just before sunrise. This was illustrated more definitively in 
Fig. 7 of Paper I from which the extent of the enhancement of 23914 over 15577 
is clearly evident. For example, at Z = 70° N at Mountain Standard Time 
0526 the 43914 intensity amounted to almost nine times the intensity of the 
45577 emission as compared to the average ratio for the night (up to 0358 MST) 
r = 1(0)5577/I(0)3914, of 1-9. The increase in intensity attributed to the sunlit 
aurora occurred not only at the three zenith distances generally used in this study, 
Z = 70°, 75°, 80° N, but also at other zenith distances for which readable deflexions 
were available. Typical curves are shown in Fig. 1 of the present paper. These 
curves represent the total 13914 intensity, not the sunlit aurora alone. 


3. THE ANALYSIS 


The general method of analysing the observations, including correction for 
extinction and the scattered light, leading to results in terms of absolute intensity 
units is given in Paper I. 
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In Fig. 2 the height, hy, of the shadow line is to be determined as a function of 
time and zenith distance of observation, Z. To allow for Rayleigh scattering in 
the lower atmosphere and absorption due to ozone a screening height, h,, of 25 km 





C 

Fig. 2. Geometry of the sunlit aurora. The line of sight from an observer at O at a zenith 

distance Z intersects the sun’s rays at a height hy. h, is the screening height and the 
curvature of the ray represents atmospheric refraction. 
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Fig. 3. The height of the shadow line at Fritz Peak on 2 March 1957 as a function of time. 
The curves given are for observations due north at various zenith distances. 


is adopted. A correction for refraction in the atmosphere is included. Details of 
the problem are given by CHAMBERLAIN (1958). The time parameter is, of course, 
determined by the position of the sun; thus the results apply to a particular day 
only (as well as a particular latitude) although the equations are quite general. 
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The height calculations were carried out on an electronic computing machine. 
The results for the morning of 2 March 1957 are shown in Fig. 3 for several zenith 
distances of observation. 

The line of sight at a given zenith distance traverses the portion of the 
atmosphere in the shadow first, then passes into the sunlit portion. Any emission 
originating in the shadow portion must therefore be subtracted from the total 
measured intensity to isolate the emission from the sunlit atmosphere. The 
general constancy of r throughout the night with only a very small and gradual 
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Fig. 4. Steps in the analysis of the sunlit aurora given in the text. 


change as a function of time up to about 0330 MST leads to the assumption that, 
as far as the emission from the shadow region is concerned, no drastic change in 
this ratio is to be expected. The 43914 emission from the shadow region may, 
therefore, be computed by dividing /(O)5577 by the appropriate ratio. It is also 
assumed that there is no enhancement of 25577 in the sunlit atmosphere. Although, 
in principle, such an enhancement could occur, requiring photons of wavelength 
less than 2972 A, the phenomenon has not been reported so far. Moreover, the 
experimental data do not extend below a height of 200 km where the oxygen 
abundance already is much less than the maximum at about 100 km. From the 
curves in Fig. 7 of Paper I the ratio, r, is obtained by extrapolation, r = 1-6 for 
Z = 80°,r = 1-5 for Z = 75°, and = 1-4 for Z = 70°. The steps in the compu- 
tation of /(0)3914 sunlit are illustrated graphically in Fig. 4 for a portion of the 
sweep at 0446 MST. A factor r = 1-4 was used in the reduction of this data for 
zenith distances of 70° and less. 

The photometric hump between Z = 60°N and Z = 40°N appeared only on a 
few sweeps and is not representative of the general intensity distribution in the 
sunlit aurora. It does, however, illustrate the significant difference between the 
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25577 and 143914 emissions during this portion of the auroral display. Using all 
the experimental points for Z = 70°, 75° and 80° N from 0330 to 0526 MST 
the sunlit 23914 intensity was computed. From the curves in Fig. 3 the height of 
the shadow line at various times is determined. The combined data for the three 
zenith distances yield the curve in Fig. 5. In spite of the scatter of the experimental 
points the data indicate that the sunlit aurora first becomes measurable at a height 


just over 700 km. 
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Fig. 5. Absolute intensity of the sunlit aurora for the 43914 emission. The intensity at a 
given height, hy, refers to the total slant intensity from a column extending upwards from hy. 


It should be recalled that an observation at a zenith distance of 70° extending 
between a height of 200 km and 700 km covers a latitudinal range of about 850 km, 
while for Z = 80° the corresponding range is approximately 1500 km. Since the 
height of the shadow line is a function of latitude and since there is no reason to 
assume the cause of the excitation to be uniform over such a wide range of latitude, 
the agreement in the height determination for the three zenith distances considered 
strengthens the validity of our result. Although the data at smaller zenith distances 
could not be treated quantitatively the curves in Fig. 1 show agreement with the 
hypothesis that the increase in intensity toward dawn is caused by a sunlit effect. 


4. Discussion 
Two possible excitation mechanisms present themselves to explain the 1.N.G. 
N,* emissions from an atmospheric region illuminated by sunlight. There is 


simultaneous photo-ionization and excitation to the required electronic level: 
N.(X1Z,+) + hy (<660 A) > N,*+(B?Z,+) +e (1) 


mg 


or, ‘‘sensitization’’ of the atmosphere by incoming corpuscles producing N,+ 
ions along their track followed by resonance scattering: 


N,+(X2Z,+) + hy (<3914 A) + N,+(B2E,,+) (2) 


Although the normal energy distribution in the solar flux provides only a very 
small number of photons with an energy greater than 18-74 eV this may not be 
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the case during an aurora. Soft X-rays (presumably produced as bremsstrahlung 
from incoming electrons) have been detected from balloon-borne instruments at 
approximately the 30 km level simultaneously with visual observations of auroral 
displays.* However, aside from this consideration, BaTEs (1949b) has shown that 
resonance scattering is by far the more important process unless the electron density 
is unusualiy high. Thus, a high degree of “sensitization” of the atmosphere is 
required. For resonance excitation the photon emission is: 


i ae Psoi4l No] 3) 


where P,,4 is the 23914 photon emission probability per illuminated ion per sec 
and [N,*] represents the number of N,* ions per em*. P has been calculated 
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Fig. 6. The variation of the N,*+ ion density as a function of height in a sunlit aurora. 





theoretically by Barus (1949a) and slightly revised by SHULL (1951), its value being 
P = 0-3 sec~!. Using the data from the smoothed curve in Fig. 5 the N,* density 
may be calculated at various heights. Recalling that the intensity given for each 
height refers to a column extending from the height indicated to the upper limit 
from which emission is detectable, 700 km, the data is first reduced to intensity 
values referred to certain height intervals. An observation of the 600 km height 
layer made at a zenith distance of 75° is about 1500 km distant from the observing 
site. With a field of view of the photometer of 5° the spread in height is therefore 
130 km. This height resolution becomes better at the lower altitudes. The height 
interval chosen, h, — hy, is governed by the above considerations. 

Assuming isotropic emission and no self-absorption the emission rate per cm? 
(z,) may be obtained. 
AI(O) 3914 10®quanta cm~? sec! col! 


: ag a ea = 7 (3914) (quanta-cm~? sec~!) (4) 





* Reported in the IGY Bulletin No. 10, p. 9 (April 1958) of the National Academy of Sciences. 
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Since the curve in Fig. 5 represents a composite of data obtained at several zenith 
distances a correction reducing slant intensity to vertical intensity need not be 
made. Taking resonance scattering as the excitation process the N,* density may 
be computed from equation (3). The calculations are given in Table 1 and the 
results are shown in Fig. 6. 


Table 1 





| | 

| | 

1(0)3914 : AI(O)3914| ss wgpxg Ss] SENG] 
(kr) x (kr) (Q-cm—%-sec—) | (ion-em-) 


550-700 2: Be 446 
450-550 3-C 1000 
350-450 . 2136 
250-350 2: 4000 


200-250 2° 8400 





Bates (1949a) has estimated the N,* concentration from twilight enhancement 
of the 43914 emission, arriving at a figure several orders of magnitude smaller 
than we have found at the height of the F-region. The higher concentration found 
during the aurora is, possibly, due to a corpuscular stream “‘sensitizing’’ the 
atmospheric constituents. 


Acknowledgement—I am indebted to Mr. L. R. Mreeiuy for programming for use on 
an electronic computing machine the height calculation leading to Fig. 3. 
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Spiral occurrence of sporadic-E 


E. L. Hace, D. MuLpREW and E. WARREN 
Defence Research Board, Shirley Bay, Ottawa 


(Received 11 August 1958) 


A stupy of high density sporadic-# ionization at high latitudes has revealed that 
it is distributed in the form of a spiral similar to that of SrORMER’s precipitation 
curve for negative particles (STORMER, 1917). The phenomenon tabulated as 
sporadic-H may have a variety of causes, among which are thunderstorms, turbu- 
lence in a reflecting region, ionized meteor trails and the precipitation of particles 
from the sun (SmitH, 1945a). In an attempt to isolate sporadic-H of a single 
variety, only those events were considered in which vertical incidence reflection 
of a frequency greater than 5 Mc/s occurred. For some stations at which intense 
sporadic-# is frequent (see Table 1) a minimum frequency of 7 Mc/s was chosen. 


Table 1 





| Lower limit of fE, 


Station | Geomagnetic latitude | Me/s Years’ data used 


1949-1954 
1944-1950 
1950-1954 
1951-1954 
1949-1953 
1951-1955 
1950-1954 
1948-1954 
1949-1954 
1950-1952 
1950-1954 
1949-1953 
1950-1956 
1948-1954 


Resolute 
Clyde River 
Baker Lake 
Narsarssuak 
Ft. Chimo 
Churchill 
Pt. Barrow 
Fairbanks 
Kiruna 
Tiksi Bay 
Winnipeg 
Prince Rupert 
Ottawa 
Washington 


Movnnaan»awdaage;wdg)}§ a 


ad 
1 a) 





The data from Narsarssuak, Kiruna, Fairbanks and Washington were obtained 
from a National Bureau of Standards report (SmirH, 1945b); those for Tiksi Bay 
were obtained from an AVCO report (CoronitTI and PENNDOoRF, 1958). The 
remainder of the data was obtained for the Defence Research Board by the 
Department of Transport. 

The diurnal variation of the total number of occurrences of fH, greater than 
the stated minimum frequency, observed during the month of June for several 
years, was plotted for each station. The process was then repeated for the month 
of December. The time of day for which sporadic-E was most frequent was 


345 








E. L. Hace, D. MuLpREw and W. EArREN 



















LOCAL GEOMAGNETIC TIME LOCAL GEOMAGNETIC TIME 
_—— 


2! 





o— =. 


=*Y--092 Y=-03> 

















r 


N. GEOMAGNETIC LAT. 








(a) (b) 
Fig. 1. (June): (a) SréRMER’s precipitation spiral; (b) distribution of high density 
sporadic-# ionization. 
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Fig. 2. (December): (a) STORMER’s precipitation spiral; (b) distribution of high density 
sporadic-F# ionization. 
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determined. Also found was the fraction of the day during which the number of 
occurrences was greater than 95 per cent of the maximum value. These times and 
intervals were expressed in local geomagnetic time (McNisu, 1936) and were 
plotted against the geomagnetic latitude of the stations, as shown in Figs. 1(b) 
and 2(b). 

During December the spiral is well defined between 55° and 75° N geomagnetic 
latitude; in June, however, the southern limit increases to about 60° N geo- 
magnetic latitude. In June the maximum for Kiruna does not fit the spiral, but 
a secondary maximum for Kiruna does. 

STORMER’S spiral for negative particles precipitating in the northern latitudes 
is shown in Figs. l(a) and 2(a). His theory predicts a ring current flowing around 
the earth parallel to the geomagnetic equatorial plane. The latitude at which the 
circular section of the precipitation spiral (y = —0-80 to y = —0-93) occurs is 
dependent on the momentum of the particles and upon the magnetic field produced 
by the ring current. The spirals of Figs. 1(a) and 2(a) have been drawn on the 
assumption that the ring current and the momentum of the particles are adequate 
to cause the circular section of the spiral to coincide with the observed latitude of 
the auroral zone. The integration constant y is one of the parameters that describe 
the trajectory of a charged particle in the field of a magnetic dipole. The range of 
values applicable to trajectories between the sun and the earth depends on the 
position of the sun in the geomagnetic co-ordinates of the earth. The solid lines 
of Figs. 1(a) and 2(a) show the range of y-values possible for June and for December. 

The theoretical spirals and the observed spirals have only approximately the 
same form. STORMER, however, derived his spirals from a relatively simple model 


and on the assumption of a constant ring current; detailed agreement is therefore 
not to be expected. Under the circumstances, the fact that spirals are observed is 
support for St6RMER’s ideas on the nature and origin of the aurora. 
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RESEARCH NOTE 





An additional lunar influence on equatorial E, at Huancayo 


(Received 5 February 1959) 


RECENTLY a lunar effect in the times of sudden day-time disappearance of equatorial LZ, 
has been demonstrated (Marsusuita, 1957). The purpose of this note is to show an 
additional influence of the moon on this type of sporadic-# at Huancayo, Peru (geomagnetic 
latitude S 0-6°, magnetic dip +2°). 

Equatorial 2, has been studied in some detail by Rawer (1955), Matsusuira (1951, 
1953), SmrrH (1957) and others. An example of Z,-q (international designation for equatorial 
FE.) at Huancayo is shown on the ionogram reproduced as Fig. 1. The characteristics of 


E.-q are given below. 
(a) It regularly occurs during the daylight hours in a narrow belt along the magnetic 
equator. 
(b) It is always partially transparent to probing radio waves; that is, it never blankets 
radio reflections from higher layers. 
(c) It usually shows a well-defined lower edge lying between 100-110 km giving 
scattered and diffuse echoes above the principal echo. 
(d) In well-developed cases, the diffuse echoes are contained below a sharp upper 
boundary that starts at about f)# and increases in height with increasing frequency. 
(e) The maximum frequency returned, (f)/,), usually ranges from 8 to 13 Me/s primarily 
depending on the proximity of the ionosonde to the magnetic equator. 
(f) Multiple echoes are not observed. 
In the period studied (May 1957—April 1958), ,-q was observed every day at Huancayo. 
It began as early as 0600 on some days and as late as 1000 on others. On some days it 
would disappear in the early afternoon for periods of 15 min to several hours, the effect 
studied by Marsusuita, but the final late afternoon disappearance occurred regularly 
between 1730-1830 75°W time. The variability of the time of first appearance of /,-q in 
the morning suggested further study. The 12 month period was divided into the three 
seasons and the time of the first appearance of #,-q at Huancayo on each day was tabulated. 
(For the purpose of this analysis, the time tabulated was the time at which £,-q first 
appeared and continued to be observed on at least the succeeding three 15 min ionograms. 
Prior isolated occurrences were ignored.) The days were then grouped by approximate 
lunar age and the mean time of first appearance computed. The mean points (X’s), 
along with the 3 day running mean to smooth out spurious fluctuations, are shown for the 
three seasons in Fig. 2. A lunar dependence is clearly visible in the equinox and December 
solstice curves, with E,-qg tending to occur earlier during times of new and full moon (lunar 
age 0 and about 14 days). A considerably weaker lunar effect of questionable significance 
appears to be present in the June solstice data. In his earlier work on the sudden mid-day 
disappearance of E,-g, MatsusHiTa assumed that £,-q was caused by vertical upward 
drift forces due to eastward flowing electric currents and he supposed that westward 
flowing currents caused by lunar tidal forces were responsible for weakening the F,-q¢ and, 
thus, the lunar effect he observed. From the work of CHAPMAN and BaRTELs (1940) it can 
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Research notes 


be seen that during new and full moon the contribution of the current system attributed 
to the lunar tidal force is such that it adds to eastward flowing solar-associated current (S,) 
during the early morning hours (0600-1000) whereas during the first and third quarter 
the lunar contribution weakens the eastward flowing current during the early morning 
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hours. Thus, if £,-¢ depends on the strength of the eastward current, it should appear 
earlier during new and full moon and later at the first and third quarters, which is exactly 
the kind of dependence shown above. Therefore, Marsusuita’s hypothesis on the relation 
between the electric current system and F,-q seems to have additional support. 

The observations reported here were taken by personnel of the Huancayo Geophysical 
Observatory. By dependably providing high quality ionograms and careful reductions of 
the data, they have contributed substantially to this study. 


5: R. W. KNECHT 
National Bureau of Standards 
Boulder, Colorado 
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Book review 





Handbuch der Physik, Band 50. Astrophysik I. Sternoberflichen—Doppelsterne. Edited by 
S. Frucece. Springer Verlag, Berlin, 1958. 458 pp., DM98. 


Iv is well over 20 years ago since the Springer Verlag published its six-volume Handbuch der 
Astrophysik which, in spite of some unevenness, gave a remarkably complete picture of the 
observational data of the time. It provided also an early and most valuable introduction into 
the then still young field of theoretical astrophysics. However, the Handbuch appeared at a 
time of rapid progress, and a supplementary volume, published in 1936, could hardly catch up 


with new developments. 

In the meantime, improved instrumentation and new techniques such as that of radio- 
astronomy have widened the observational basis of astrophysics at an ever increasing rate, 
and the application of nuclear physics to stellar structure and stellar evolution has profoundly 
influenced the general trend of astrophysical research so that the old Handbuch has for quite 
some time been sadly out of date. 

With the present volume, which is to be followed by four others, we witness its resurrection 
in a new form. Being part of the new Handbuch der Physik the astrophysics volumes are now 
“addressed primarily to physicists, amongst whom, after all, present-day astronomers form only 
a special group. The first three of the five volumes are to deal with the physics of the 
observable outer layers of the stars, with the theory of their internal structure, and with the 
particular study of the Sun and of the Solar system. The fourth and fifth volumes are to be 
devoted to the composition of our own and other galaxies, and to astrophysical instrumentation. 

The present first volume is made up of ten separate contributions only two of which, and 
short ones at that, are in German. More than half of the volume is in French, the remainder in 
English. 

The first five articles are devoted to basic data of stellar spectroscopy. FEHRENBACH gives 
on some 90 pages an extremely useful account of the classification of stellar spectra, of the 
various systems of classification with one or two parameters and of the physical basis of such 
and possible other parameters. His discussion of the very important stars with “‘peculiar” 
spectra is expanded in a special article by KEENAN who deals with the question of differences 
of chemical composition. Swincs contributes a 30-page résumé on the role of molecular spectra 
in astrophysics. A wealth of entirely new observational data is contained in the article by 
GREENSTEIN who deals with the spectra of white dwarf stars now available to us thanks to the 
200 in. telescope. Two contributions by WurRmM deal with observation and theory of planetary 
nebulae. 

The theoretical interpretation of stellar spectra forms the contents of an article by BARBIER 
who manages to give on some 120 pages a concise and most lucid account of the present state 
of the theory of stellar atmospheres. 

The three remaining articles, placed between the observational and theoretical ones, are 
devoted to visual, eclipsing and spectroscopic double stars. The first, by VAN DE Kamp, on 
orbits and masses of visual binaries is the most ‘“‘astronomical’”’ article in the volume. Gap- 
OSCHKIN discusses amongst others the determination of stellar dimensions, and STRUVE and 
Su-SHu-Hvuane deal with the particular phenomena such as gaseous motions which appear in 
a study of close spectroscopic binaries. 

It remains to say that the volume contains a fairly extensive general index in English and 
German, and a shorter one in French which refers to the French articles only. As one would 
expect, the volume is beautifully produced. It is impossible, of course, to reproduce in a book 
all the detail of original spectrograms, but FEHRENBACH’s spectra in particular show up 
remarkably well. The volume will become an essential companion of every astrophysicist; 
it should be of much interest to spectroscopists in general. 


H. A. BrtcK 
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